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Chapter 11

Nuclear Fission

11.1 Introduction

Nuclear fission, the division of a nucleus into two parts, is a subatomic phenomenon

that has influenced society profoundly. It may happen spontaneously or can be

induced in a variety of ways. The possibility of such a process was totally unexpected

and its discovery came as a shock to the scientific community. Nevertheless, once

the existence of fission was established experimentally, it took a remarkably short

time to put this spectacular process to practical use.

In this Chapter we do not intend to give a full review of the broad field of fission

but focus on the most studied fission processes, namely spontaneous and neutron-

induced, while we largely omit other active areas, such as heavy-ion induced fission,

photofission, and delayed fission. Neutron-induced fission is useful for a variety

of applications, while spontaneous fission, particularly of 252Cf, is often used for

calibration in fission measurements. Consequently there exist a wider range of data

on these types of fission, from fragment information to measurements of associated

neutrons and photons, and the field is experiencing worldwide activity.

Although nuclear fission has been studied intensely for over seventy years, it is

still not well understood in detail and it remains an active field at the forefront of

modern physics. First we recount briefly the discovery of fission and then describe

the basic features of the phenomenon. Subsequently, we discuss the various exper-

imental observables through which we may learn about the process. We then give

an overview of fission modeling, both the formal treatment of the fission process

itself and the phenomenological modeling of fission and its companion processes.

Finally, we briefly discuss a number of new fission experiments that are underway.

11.1.1 Discovery of fission

The developments leading to the discovery of nuclear fission form a rich and fasci-

nating story that cannot be related in detail here. Many accounts have been given

and we refer the interested reader to the excellent books by Richard Rhodes [1] and

Abraham Pais [2], giving just a brief summary below.

1
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2 100 years of Subatomic Physics

The discovery of the atomic nucleus in 1911 by Rutherford [3], a Nobel laureate

already, is often taken as the start of the field of nuclear physics. But the nature

of the nucleus remained a mystery for another two decades for the lack of means to

probe it with, its positive electric providing an effective shield against exploration

by means of charged particles, such as the α particle that had been used to reveal

the existence of the nucleus. After a decade of worldwide radioactivity studies,

Rutherford postulated that the nucleus contains two kinds of elementary particle

(collectively called nucleons). It would have Z protons, each carrying one positive

unit of electric charge, exactly the opposite of the electron’s charge, and thus Z de-

termines the chemical properties of that element. He further theorized, the nucleus

would also contain a number, N , of elementary particles very similar to protons but

electrically neutral, hence called neutrons. The neutron was subsequently identified

in 1932, a decade later, by James Chadwick [4], a close associate of Rutherford.

Once discovered, the neutron was quickly turned into a useful tool in nuclear

physics, the main advantage being that its electric neutrality enables it to readily

enter the nucleus. In particular, Enrico Fermi and his colleagues in Rome undertook

a systematic study in which they bombarded ever heavier elements with neutrons.

Typically the target nucleus would absorb the neutron, thereby becoming radioac-

tive, and the subsequent β decay would then lead to a nucleus having a charge

number one unit larger than that of the bombarded element. However, bombarding

uranium with neutrons in 1934, they obtained results that were difficult to inter-

pret. After chemical analyses had shown that the resulting element could not be

any known element above lead (Z = 82), Fermi believed that he had created a

transuranic element with Z = 94 [5], a claim that was widely accepted at the time.

However, Ida Noddack, a German chemist and physicist, criticized Fermi’s

“proof” of transuranic element formation for its failure to eliminate all elements

lighter than uranium, not only those with Z ≥ 82 [6]. The paper is significant

not only because she pointed out the flaw in Fermi’s reasoning but also because she

stated that “it is conceivable that the nucleus breaks up into several large fragments,

which would of course be isotopes of known elements but would not be neighbors of

the irradiated element”, thus presaging the concept of nuclear fission. However,

because she did not suggest a theoretical basis for this possibility, which defied

understanding at the time, her criticism was dismissed (and largely forgotten).

Fermi’s publication spurred similar experiments in Berlin by Otto Hahn, Lise

Meitner, and Fritz Strassmann. After Meitner, an Austrian Jew, lost her citizenship

in 1938, she moved to Stockholm where she continued to collaborate with Hahn

by mail and through his visits. In December 1938, Hahn and Strassmann sent a

manuscript to Naturwissenschaften reporting they had detected the element barium

after bombarding uranium with neutrons [7] and they simultaneously communicated

this to Meitner. She and her nephew, Otto Frisch, who was working at Niels Bohr’s

institute in Copenhagen at the time, were spending the holiday break in the Swedish

countryside when she received the letter from Hahn. This finding was astounding
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because the mass of barium (Z = 56) is only about 60% of the uranium mass and

no previously known type of nuclear transmutation could account for such a radical

change of mass. Although Frisch was skeptical, Meitner trusted the abilities of

Hahn who was using a well-established technique developed by Marie Curie.

To explain the result, Meitner and Frisch [8] invoked suggestions by George

Gamow [9] and Niels Bohr [10] that the nucleus could be described as a liquid drop.

After being agitated, such a nuclear drop would execute continual shape oscilla-

tions and thus, if becoming sufficiently deformed, it might break apart into two

separate, necessarily smaller, nuclear drops. Simple estimates of the balance be-

tween the restoring effect of the surface tension and the disruptive tendency of the

electric charge revealed that it would take only a small degree of agitation, similar

to that caused by the absorption of a neutron, to enable the nucleus to split apart

(see below). Meitner was furthermore able to explain the large energy release, ap-

proximately 200 MeV, as the difference between the mass of the original uranium

nucleus and the sum of the two resulting lighter nuclei, making use of the mass-

energy equivalence discovered by Albert Einstein [11], E = Mc2. They also found

that this amount of energy agrees well with the kinetic energy gained by the two

product nuclei as a result of their being accelerated by their mutual Coulomb re-

pulsion after their initial formation. Thus Meitner had correctly interpreted Hahn’s

results to mean that the uranium nucleus had roughly split in half. To bring out

the analogy to binary fission of cells in biology, Frisch suggested calling the process

“nuclear fission”, a term that was generally adopted.

Following nearly five decades of work on radioactivity, the news of nuclear fission

spread rapidly and many groups were soon conducting their own fission experiments.

The interpretation by Meitner and Frisch of the phenomenon as nuclear fission was

confirmed experimentally by Frisch already in January 1939 [12].

These experiments, which were being conducted at the verge of World War

II during a period when many nuclear scientists, particularly in Germany and

Italy, were being displaced by their racial heritage or their moral convictions,

soon suggested a number of practical applications, the most prominent ones be-

ing power generation and explosives. (An annotated bibliography covering a broad

range of nuclear issues is available at the Alsos Digital Library for Nuclear Issues:

alsos.wlu.edu.) In 1939, the groups around Fermi, now at Columbia University

in New York, and Frederic Joliot-Curie, in Paris, both discovered that neutron-

induced fission of uranium resulted in the emission of several neutrons, in addition

to the two product nuclei. Leo Szilard, a Hungarian physicist who had emigrated to

the United States and was working with Fermi, immediately realized that neutron

bombardment of uranium could lead to a sustained nuclear chain reaction with a

tremendous energy output and he urged both groups not to publish their findings

lest the Nazis should become interested. Fermi then refrained from publication, but

Joliot-Curie reported his team’s results in Nature [13]. This was the first of many

attempts to limit the dissemination of basic scientific facts about nuclear fission.
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11.1.2 Basic features of fission

It was recognized from the outset [14, 15] that the fission process can be regarded

as an evolution of the shape of the agitated nucleus, see Fig. 11.1. The most basic

features of fission can then be understood by considering the nucleus as a uniformly

charged incompressible liquid drop. Its deformation-dependent energy is the sum

of surface and Coulomb energies, E(ε) = ES(ε) + EC(ε) = E0
SBS(ε) + E0

CBC(ε)

where the deformation parameter ε characterizes the shape; the spherical shape has

the surface energy E0
S = aSA2/3 (with as ≈ 18 MeV) and the Coulomb energy

E0
C = aCZ2/A1/3 (with ac ≈ 0.72 MeV). Generally, the surface energy increases

as the nucleus is distorted because of the associated increase of the surface area,

while the Coulomb energy decreases because the charge becomes less concentrated.

The result of these two opposite effects can be quantified by considering a slightly

prolate spheroid of eccentricity e. It is elementary to show that BS(e) ≈ 1 + 2
45

e2

and BC(e) ≈ 1− 1
45

e2, so the deformation energy Edef(e) ≡ E(e)−E(0) is given by

Edef(e) = E0
S [(BS(e) − 1) + 2x(BC(e) − 1)] ≈ 2

45
E0

S [1 − x]e2 , (11.1)

where the fissility parameter x ≡ E0
C/2E0

S = (aC/2aS)Z2/A governs the degree of

instability. For lighter nuclei, the fissility is relatively small and the nucleus will

have a sizable fission barrier. But x increases steadily as one moves to heavier nuclei

and the fission barrier grows ever smaller in both height and width and, accordingly,

it will require correspondingly less agitation for the nucleus to overcome the barrier

and undergo fission. Ultimately, for sufficiently heavy nuclei, the fissility becomes

unity and the stability against deformation is lost altogether. This idealized analysis

suggests that nuclei should loose stability against fission around Z ≈ 100, as is

indeed the case.

Fig. 11.1 Left: A schematic illustration of the potential energy contours associated with the
deformation of the nuclear shape as a function of two deformation parameters; the resulting
energy surface has a minimum around the ground-state shape and a saddle point at the critical
deformation beyond which the nucleus will prefer to split into two fragments. Right: A cross section
through the fission barrier showing also how the rate of decay can be calculated by statistical
means. [From the early paper by Bohr and Wheeler [16].]
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Fig. 11.2 Left panel: The general dependence of the potential energy on the fission degree of
freedom for the nucleus 240Pu. The smooth trends of the curve reflect the macroscopic behavior,
which is dominated by the strong Coulomb repulsion between the two fragments, while the small
wiggles arise from the microscopic (shell and pairing) corrections. From Ref. [17]. Right panel:

Schematic plot of the double-humped fission barrier as function of the elongation. The ground
state minimum (I), the first barrier (A), the isomeric minimum (II), and the second barrier (B)
are marked. The dashed line shows the macroscopic part of the energy, while the solid line is the
total energy obtained by including also the deformation-dependent shell and pairing corrections.
From each of the two minima, the nucleus may fission by tunneling under the barrier; the isomeric
state may also decay back to the ground state by γ emission. From Ref. [18].

The above simple analysis treats the nucleus as a macroscopic system whose

energy changes smoothly with shape. This idealized picture is modified due to the

microscopic structure of the nucleus. A given nuclear shape can be more or less

accommodating to the individual nucleonic orbitals and, consequently, the resulting

binding energy exhibits a shape-dependent oscillatory modification of the smooth

macroscopic behavior. This is illustrated in the left panel of Fig. 11.2 which, for a

typical actinide nucleus such as 236U, shows how the smooth macroscopic deforma-

tion energy is modified as a result of the shell effects, leading to a double-humped

fission barrier with a secondary minimum in which a long-lived shape isomeric state

may be hosted.

Figure 11.3 calculated fission barriers for a number of even-even actinide nuclei,

from 232Th to 256No. At the lower end of this region, the fissility is still somewhat

below unity and there is a sizable macroscopic fission barrier. By contrast, x is

very close to unity at the high end and there is hardly any macroscopic barrier

left. Generally, the shell effects tend to increase the fission barrier height both

because of the additional binding energy of slightly deformed shapes (which causes

the ground states to be deformed) and because of the less favorable binding of

the more deformed shapes in the saddle region. It should be noted that the very

existence of the heaviest nuclei derives solely from such shell stabilization.

The present discussion of nuclear fission starts from an initially equilibrated

nucleus. Such a nucleus can be prepared in a variety of ways. In the simplest case,
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Fig. 11.3 Dependence of potential energy of actinide nuclei upon the symmetric-deformation
coordinate (here called y). The dashed curves give the liquid-drop contributions and the solid
curves the total potential energies, which are calculated with single-particle levels for 240Pu. The
dot-dashed curve for Th is calculated with single-particle levels for 228Ra, and the dot-dashed
curve for 256No with levels for 258Fm. The solid points at zero deformation are calculated with
the appropriate spherical single-particle levels for each individual nucleus. From Ref. [17].

a nucleus may undergo spontaneous fission from its ground state (or an isomeric

state) by quantum-mechanical tunneling through the fission barrier. Equilibrated

compound nuclei can be prepared by absorption of neutron or light composite nuclei

(2H, 3H, 3He, 4He, . . . ), by (complete or incomplete) fusion reactions, such as
48Ca+208Pb, or by electromagnetic means. As the reaction energy is increased,

pre-equilibrium processes grow ever more important and may significantly influence

the characteristics of the resulting compound nucleus, such as its mass number,

excitation energy, and angular momentum.

If the fissionable nucleus is sufficiently excited, it may radiate neutrons or pho-

tons before fission occurs, leading to the terminology of first-chance fission for fission

that is not preceded by any neutron emission, second-chance fission for fission pre-

ceded by the emission of one neutron, and so on. Such pre-fission emission processes

generally cool the nucleus and may in fact de-excite it to such a degree that fission

is no longer possible. But more typically, after the possible emission of one or more

pre-fission neutrons, the nucleus will sooner or later find itself outside the fission

saddle point and it will then proceed towards scission, the presumably relatively fast
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Fig. 11.4 Left: The fission product yields, given in percent, are shown for thermal-induced fission
(top), ’fast’ neutron-induced fission (middle), and ’high energy’ neutron-induced fission (bottom)
of several plutonium isotopes. In the top and middle panels, Y (A) is shown for 238Pu (⊳), 239Pu
(◦), 240Pu (♦), 241Pu (�), and 242Pu (△), but only distributions for 239,240,242Pu are available
for high-energy incident neutrons. The data are all from the evaluation of Ref. [19]. Right: The
measured average neutron multiplicity as a function of the fragment mass for 239Pu(n,f) (top),
235U(n, f) (middle), and 252Cf(sf) (bottom). The data for 239Pu(nth,f) are from Refs. [20] (△),
[21] (▽), and [22] ⊳); the data for 235U(nth,f) are from Refs. [23] (∗) and [24] (⊲); and the data
for spontaneous fission of 252Cf are from Refs. [25] (◦), [26] (�), and [27] (♦).

process where the binary shape transforms itself into two separate receding frag-

ments. There is evidence that neutrons or light nuclei may occasionally be emitted

in conjunction with scission, but we shall leave this relatively rare phenomenon

aside.

More prominent and, of much larger practical importance, is the remarkable

fact that the fission fragment mass distributions are usually not centered around

symmetry, a cause for great puzzlement during the early times of fission when the

nucleus was thought to be a structureless liquid-drop-like system). The left-hand

side of Fig. 11.4 shows the fragment mass yields for a number of plutonium isotopes.

A closer inspection of these distributions (see later) reveals that fragments near

A = 132 tend to be favored, a feature ascribed to the fact that Z = 50 and N = 82
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ν0 = 4: fifth-chance fission

ν0 = 3: fourth-chance fission

ν0 = 2: third-chance fission

ν0 = 1: second-chance fission

ν0 = 0: first-chance fission

Fig. 11.5 Multi-chance fission: Starting from the same highly excited compound nucleus, the
evolving system may emit a number of neutrons, ν0, as it evolves towards scission, leading to
1st-chance fission (ν0 =0), 2nd-chance fission (ν0 =1), and so on. Adapted from Ref. [28].

are magic numbers with closed nuclear shells.

At the point of scission, each pre-fragment is significantly distorted relative to

its ground-state shape due to the Coulomb force from the partner fragment. In

addition, the pre-fragments have a large degree of statistical excitation. After the

division has been completed and the two receding fragments are being accelerated

by the mutual Coulomb repulsion, their shapes will relax towards their equilibrium

forms, thus increasing the respective fragment temperatures. Typically, each fission

fragment is sufficiently excited to evaporate one or more neutrons. Because the

degree of fragment excitation depends somewhat on the shell structure, the same

will be true for the average number of neutron evaporated. As well illustrated on

the right-hand side of Fig. 11.4, the resulting fragment mass dependence of the

(mean) number of evaporated neutrons exhibits a striking “sawtooth” behavior.

These evaporations cool the fission fragments and eventually lead to product

nuclei that are no longer able to evaporate neutrons, their excitation energy being

below the respective neutron separation energy. An excited product nucleus then

de-excites towards its ground state by a cascade of photon emissions. The original

fission fragments are usually formed with some amount of angular momentum, some

of it due to a possible overall rotation of the fissioning nucleus but most of it

usually imparted at the time of scission. Most of the original fragment angular

momentum is still present in the the excited product nucleus. The photon emission

will therefore tend to proceed in two stages: first the statistical excitation energy is

radiated away, bringing the nucleus down near the so-called yrast line (where all its

excitation energy is tied up in rotation) and then a sequence of coherent quadrupole

quanta carry away the remaining angular momentum. Because these evaporation

and radiation processes occur on a relatively short time scale, the resulting product

nuclei are said to form the so-called prompt yield. Most of them are radioactive and

will undergo (typically sequential) β decay on an ever slower time scale, contributing

ultimately to the so-called cumulative yield.
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11.2 Experimental observables

We discuss here the various fission stages in more detail, referring as much as possible

to existing measurements without recourse to any particular model. In some cases,

however, such as neutron emission prior to fission, we can only discuss the physics

in terms of models because no reliable data are yet available.

11.2.1 Pre-fission neutron emission

At low incident neutron energies, below a few MeV, the neutron is absorbed into

the target nucleus resulting in an equilibrated compound nucleus which may have a

variety of fates. Most frequently it will fission directly. But, because the compound

nucleus was formed by neutron absorption, it is energetically possible for it to re-

emit a neutron. In that circumstance, the daughter nucleus cannot fission and will

de-excite by sequential photon emission. While the likelihood for this is negligible for

small incident energies, it grows appreciable as the neutron energy is raised above

several MeV. Fission following such pre-fission evaporation is called multichance

fission and is discussed below.

11.2.1.1 Multichance fission

As the energy of the incident neutron is raised, neutron evaporation from the pro-

duced compound nucleus competes ever more favorably with direct (first-chance)

fission. The associated probability is given by the ratio of the fission and evaporation

widths Γf(E
∗) and Γn(E∗), whose ratio can be estimated as [31]

Γn(E∗)

Γf(E∗)
=

4µnσ

π~2

∫ En

0
(En − E)ρn(E)dE
∫ Ef

0
ρf(E)dE

, (11.2)

where µn = mn(1 − 1/A) is the reduced neutron mass and σ = πR2 = πr2
0A

2/3.

Furthermore, ρn(E) is the level density in the evaporation daughter nucleus at the

excitation energy E, whose maximum value is given by En = Qn = E∗ −Sn, where

Qn is the Q value for neutron emission and Sn is the neutron separation energy.

Similarly, ρf(E) is the level density of the transition configuration for the fissioning

nucleus, i.e. when its shape is that associated with the top of the fission barrier;

the excitation ǫ is measured relative to that barrier top, Bf , so its maximum value

is Ef = E∗ − Bf .

The excitation energy of the evaporation daughter nucleus is E∗
d = E∗−Sn −E

where E is the kinetic energy of the relative motion between the emitted neutron

and the daughter nucleus. If this quantity exceeds the fission barrier in the daughter

nucleus, then second-chance fission is possible. The procedure described above may

then be applied to the daughter nucleus, thus making further pre-fission neutron

emission possible. Thus, as the incident neutron energy is raised, the emission of

an ever increasing number of pre-fission neutrons becomes possible and the associ-
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Fig. 11.6 The probability for first-, second-, third-, and fourth-chance fission as a function of
incident neutron energy for 239Pu(n,f). The solid curves show the GNASH results used in the
ENDF-B/VII.0 evaluation [29], while the dashed curves with open symbols are the FREYA results.
From Ref. [30].

ated fission events may be classified as first-chance fission (no pre-fission neutrons

emitted), second-chance fission (one neutron is emitted prior to fission), and so on.

Figure 11.6 shows the probabilities for nth-chance fission for incident neutron

energies up to 20 MeV on 239Pu, as obtained with the codes GNASH used in the

ENDF-B/VII.0 evaluation [29] and the event-by-event generator FREYA [32]. The

two calculations give rather similar results but, because these probabilities are not

easy to measure experimentally, the accuracy of the calculations cannot be ascer-

tained. Experimental information would clearly be valuable.

11.2.1.2 Pre-equilibrium neutron emission

At higher incident neutron energies, there is a growing chance that complete equi-

librium is not established before the first neutron is emitted. Under such circum-

stances the calculation of statistical neutron evaporation must be replaced by a

suitable non-equilibrium treatment. A variety of models have been developed for

this process, see e.g. Ref. [33, 34].

The calculated probability for pre-equilibrium neutron emission is shown in the

upper panel of Fig. 11.7 as a function of the incident neutron energy En. After

being practically negligible below a few MeV, the probability for pre-equilibrium

emission grows approximately linearly to about 24% at 20 MeV. The quantitative

significance of pre-equilibrium emission is better seen by comparing the neutron

spectrum obtained with and without the pre-equilibrium treatment, as shown in

the lower panel of Fig. 11.7.
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11.2.2 Fragment observables

We now discuss the characteristics of observables related to the fission fragments.

Binary fission, resulting in two fragments, is dominant for neutron energies up to

20 MeV or so. Higher neutron energies may result in ternary or higher fission with

more, lighter, fragments, but such events are relatively rare and are ignored for

most applications. The fragments are (usually) of unequal size so one speaks of

the heavy fragment and the light fragment; they have the mass numbers AH and

AL, respectively. Typically the heavy fragment lies in the iodine-barium-lanthanum

region, 130 ≤ AH ≤ 145, while the light fragment lies in the krypton-technetium-

ruthenium region, 90 ≤ AL ≤ 105. The term ’fragment’ usually refers to the

two emerging nuclei prior to any neutron emission, while the neutron-evaporation

residues are referred to as ’products’. For practical reasons, the measurements tend

to determine the identity of one or both products so those of the original fragments

must then be inferred from the associated neutron yields; when only the mean

neutron multiplicity is known the determination of AH and AL is correspondingly

uncertain. For the determination of the fragment kinetic energies it is helpful that

the neutron evaporation affects the fragment motion only relatively little.

Earlier measurements used surface-barrier detectors [35] which employ a thin,

solid material in which a track is etched when a charged particle passes through

it. The timing tends to be rather slow and they are more subject to radiation

damage than newer detector systems based on gas-filled ionization chambers [36].

The gas-filled chambers typically also have better energy resolution and subtend
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a wider solid angle. In ionization chambers the gas is enclosed inside a chamber

with conducting electrodes on either side of the chamber. The gas is ionized by the

passage of charged particles and the ions drift to one side of the detector, while the

dissociated electrons move to the opposite electrodes (a ‘bias current’ created by the

applied voltage keeps the device from being saturated). More accurate tracks can be

obtained using a time-projection chamber (TPC) [37] which applies a magnetic field

in addition to the electric field. Thus modern detectors are capable of determining

the charge, mass, kinetic energy, and direction of the emerging product nuclei.

11.2.2.1 Fission fragment yields

In experiments where the fission rate is low and the fragments can be identified

individually, it is possible to determine the yields. While modern detectors make it

possible to obtain Y (A, Z), older experiments provide only Y (A) or Y (Z).

However, in circumstances where it is not possible to make immediate measure-

ments, such as when examining bomb debris, the fission yield must be determined

by radiochemical analysis. Because the fragments are neutron-rich, even after the

prompt neutron emission, they are subject to β decay, AZ →A (Z − 1) + e− + ν,

which results in isobars with higher Z values but unchanged mass A. The chain

of β decays continues until the product has become stable. A given stable isotope

can be reached by decays from several original products, so the measurement of

these isotopes does not give the direct fission yield but rather the cumulative yield

of all fission products that lead to it. In radiochemical analyses, independent yields

(yields produced directly by fission) are also very valuable. These may be obtained

from very long-lived isotopes or from ‘shielded’ isotopes located immediately after

a stable isotope so that they cannot result from β decay from the stable isotope

but must arise directly from fission. It is preferable to measure both the cumulative

yields, which are at the end of the decay chains and thus represent the yields of all

isobars of mass A, as well as the independent yields. The yields appearing in the

compilation by England and Rider [19] are cumulative yields while those obtained

from experiments with fission chambers are typically independent yields because

they are measured on shorter time scales than are usual for β decay.

The left-hand side of Fig. 11.4 shows the fission product yields as a function

of the product mass number A for several different plutonium isotopes from 238Pu

to 242Pu, all for fission induced by neutrons at various energies, namely ‘thermal’

(En ≈ 0.5 MeV), ‘fast’ (En ≈ 1 MeV), and ‘high energy’ (En ≈ 14 MeV). Be-

cause the products are the residues after prompt neutron emission, the yield is not

symmetric around A = 120.

The peaks of the heavy fragment yields tend to be anchored at A = 132 due to

the doubly-magic spherical shell closure at Z = 50 and N = 82. and they therefore

tend to change little with energy. But as the energy increases, the asymmetric yield

peaks broaden and a central symmetric component appears ever more prominently.

The stability of the heavy fragment yields relative to the location of the light
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Fig. 11.8 The fission product yields, given in percent, are shown for thermal-induced fission of
241Pu (◦), 241Am (♦), 235Cm (�), 249Cf (△), 237Np (⊳), 227Th (▽), and 235U (⊲). The data
are all from the evaluation of Ref. [19].

fragment peak is demonstrated in Fig. 11.8 where the product yields for thermal

neutron-induced fission are shown for a variety of cases, from 227Th to 249Cf. All

of the yields line up at A ≈ 132 for the heavy fragment while the light fragment

peak appears in the range 90 < A < 110. The smaller the value of A, the larger

the difference between the asymmetric peaks in the product yields. With a fixed

point at A ≈ 132, the lower the A value of the light fragment can be. We note that

the yields for actinides with the same A0 but different Z0 are almost on top of each

other, compare the yields for 241Pu and 241Am.

For energies above the fission barrier, where multichance fission becomes possi-

ble, the change in the yield curve is not straightforwardly due to the increased ex-

citation energy of the system because of ever larger contributions from multichance

fission Indeed, at En ≈ 14 MeV it is more probable for one or more pre-fission

neutrons to be emitted than none at all and consequently the fragment yield at 14

MeV is a composite distribution containing substantial contributions from second-

and third-chance fission (see Fig. 11.6).

For a given fragment mass number A, the fragment charge Z displays a relatively

narrow distribution of approximately Gaussian form. The associated dispersion is

less than one unit (for example, σZ = 0.4 for 236U∗ and σZ = 0.5 for 240Pu∗ [38]).

11.2.2.2 Fragment kinetic energies

For a given partition of the total mass and charge among the two fragments, the

Q value associated with that particular fission channel follows as the difference

between the total mass A0 of the fissioning nucleus and the ground-state masses of

the two fragments,

QLH = M(A0−ν0Z∗
0 ) − ML − MH , (11.3)
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where ν0 is the number of pre-fission neutrons emitted and the asterisk indicates that

the fissioning nucleus is excited. This quantity is divided between the total kinetic

energy (TKE) of the two emerging fission fragments and their total (combined)

excitation energy (TXE). This latter quantity largely determines the number of

post-fission neutrons emitted, ν = νL + νH , and it is therefore, through energy

conservation, expected that TKE is intimately related to ν.

Figure 11.9 shows the dependence of TKE on the fragment mass for several

cases of both spontaneous and thermal neutron-induced fission. While the total

kinetic energy of the two fragments can vary by as much as ≈ 25 MeV for the

measurements shown, the general trends are the same in all cases, independent of

whether the fission was induced or spontaneous. The left panel shows the measured

average TKE as a function of AH . Near symmetry, the plutonium fission fragments

are mid-shell nuclei and thus subject to strong deformations. Consequently, the

scission configuration will contain significant deformation energy and TKE will be

correspondingly low. At AH ≈ 132, the heavy fragment is close to the doubly-

magic closed shell and is therefore resistant to distortions away from sphericity

[43]. Consequently, the scission configuration is fairly compact, causing the TKE

to exhibit a maximum even though the complementary light fragment is far from a

closed shell and hence significantly deformed.

The peak in TKE(AH) at AH ≈ 132 is at the same point as the peak in the fission

product yields for the heavy fragment, as shown previously. The drop in TKE at

high AH comes from the heavy fragment, as seen when the kinetic energies of single

fragments are shown as a function of A, see Fig. 11.9. The light fragment carries

away significantly more kinetic energy than the heavy fragment. Furthermore, the

kinetic energy of the fragment is nearly constant for Af < 106, but after the dip

near symmetry it exhibits n approximately linear decrease.

Few data are available for above-thermal values of En. However, one expects
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Fig. 11.9 The left-hand side shows total fragment kinetic energies as functions of the heavy frag-
ment mass for 239Pu(nth,f) from Refs. [20] (◦), [21] (�), and [39] (♦), 252Cf(sf) [40] (△)235U(nth,f)
[24] (⊲), 240Pu(sf) [41] (⊳), 244Cm(sf) [35] (▽), 238U(sf) [42] (+). The right-hand side shows the
average fragment kinetic energy as a function of fragment mass for 239Pu(nth,f) from Refs. [20]
(◦) and [21] (�).



October 19, 2012 8:18 World Scientific Book - 9.75in x 6.5in fission

Nuclear Fission 15

the shape of TKE(AH) to stay similar up to rather large values of En because shell

effects remain significant as long as En < 20 − 30 MeV.

11.2.3 Neutron observables

The most interesting observables arising from fission are associated with the neu-

trons and photons emitted before and shortly after fission: the prompt neutrons

and prompt photons. Here we describe several prompt neutron observables that

have been measured.

11.2.3.1 Multiplicity as a function of fragment mass

The right-hand side of Fig. 11.4 shows the dependence of the neutron multiplicity,

ν, on the fission fragment mass number, A. The function ν(A) exhibits a ‘sawtooth’

behavior: The neutron multiplicity from the light fragment increases slowly as A

approaches 1
2
A0 and then drops rather sharply to a minimum around AH ≈ 132, the

same location as the maximum of TKE(AH) [43]. Due to the presence of the closed

shell at that point, the fragments are particularly resistant to neutron emission.

The multiplicity again increases past the dip region. The dip tends to be more

sharply defined for larger nuclei where 1
2
A0 is close to 132. For example, the drop

is particularly abrupt for 252Cf where 1
2
A0 = 126.

11.2.3.2 Neutron multiplicity distribution

Figure 11.10 shows the neutron multiplicity distribution P (ν) for several cases.

Each emitted neutron reduces the excitation energy in the residue by not only its

kinetic energy E (E = 2T where T ≈ 0.5− 1 MeV is the maximum temperature in

the evaporation daughter) but also by the separation energy Sn (which is generally

significantly larger, Sn ≈ 6 MeV). Therefore the resulting P (ν) is narrower than a

Poisson distribution with the same average multiplicity, as clearly seen.

In experiments, the quantity P (ν) is determined by detecting fission events in a

sample of material and correlating these with simultaneous neutron detection. The

relative probability for emission of ν neutrons in given event, P (ν), is inferred by

combining the calculated probability for observing n neutrons when ν were emitted,

Q(n; ν), with the detector efficiency determined from the count rate by comparison

with a calibration source having a known ν; typically 252Cf(sf) is used. Thus, while

the value of ν may be well measured for a given isotope, the distribution P (ν) is

less well determined.

The results labeled ‘Holden-Zucker’ in Fig. 11.10 for 238U(sf) are consensus

values from a 1985 report by Holden and Zucker [44]. While results for the other

cases are generally available from this reference, they are not shown if there is good

agreement between the data displayed here and in Ref. [44] or if there are more

recent data available.
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Fig. 11.10 The measured neutron multiplicity distribution, P (ν), compared to the corresponding
Poisson distribution. The composite results of [44] (�) are shown for thermal neutron-induced
fission of 239Pu (upper left) and spontaneous fission of 238U (lower right). Data from spontaneous
fission of 240Pu (upper center), Refs. [45] (△) and [46] (�); 252Cf (upper right) [48] (⊳); and
244Cm (lower left) [45] (△) and [49] (⊲). Data from thermal neutron-induced fission of 235U
(bottom center) [50] (▽), [51] (♦), and [52] (⊲) are also shown.

11.2.3.3 Energy dependence of neutron multiplicity

As the energy of the incident neutron is increased, the resulting compound nucleus

becomes correspondingly more excited. This in turn primarily increases the average

number of neutrons evaporated both before and after fission, whereas there is little

effect on the fragment kinetic energies. This latter feature is consistent with expec-

tations based on the theoretical prediction that the dissipation associated with the

nuclear shape evolution is fairly temperature independent [53]. (In fact, the frag-

ment TKE decreases somewhat with En [54].) Furthermore, the neutron spectra

harden slightly due to the increased fragment temperatures.)

The energy dependence of the average neutron multiplicity ν is shown in

Fig. 11.11 for a number of cases. These data are taken from the ENDF/B-VII

database [29]; the energies at which evaluated data are available are indicated by

symbols, though the 20 MeV point is often extrapolated rather than measured. Sys-

tematics are often used for cases where few data are available, such as 249Cf(n,f).

There are, on average, more than two neutrons emitted in each case shown in

Fig. 11.11. The number of neutrons emitted at thermal energies, En ≈ 0, tends

to increase with increasing nuclear charge Z. Note, for example, that while the A-

dependent yields in Fig. 11.8 are almost identical for 241Pu and 241Am, the neutron

multiplicity is higher for 241Am (Z = 95) than for 241Pu (Z = 94). On the other

hand, the slope of ν(En) depends only weakly on Z. The outlying cases shown,
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Fig. 11.11 The neutron multiplicity as a function of incident neutron energy, En, is shown for
241Pu (◦), 241Am (♦), 235Cm (�), 249Cf (△), 237Np (⊳), 227Th (▽), and 235U (⊲). The data
are all from the evaluation of Ref. [29].

227Th and 249Cf, have no intermediate values of ν(E) between thermal neutrons

and En = 20 MeV.

11.2.4 Prompt fission neutron spectra

The energy spectrum of the prompt fission neutrons are particularly important

for practical applications, such as power generation. Because the spectra de-

crease several orders of magnitude in the energy range of interest (E < 20 MeV),

both calculations and data are often shown relative to a Maxwellian distribution,

dN/dE = N0

√
E exp(−E/T ), where the temperature parameter T is fixed to a

given value. In the cases shown in Figs. 11.12 and 11.13, T ≈ 1.42 MeV.

Figure 11.12 shows this ratio for experimental data obtained for thermal-neutron

induced fission of 239Pu from Refs. [55–57] and for En = 0.5 MeV from Ref. [58].

While the data are in general agreement for 1 < E < 5 MeV, there are discrepancies

between the data sets both at E < 1 MeV and E > 5 MeV. In the tail of the distri-

bution, E > 5 MeV, three of the sets suggest a decrease relative to the Maxwellian,

while the fourth, from Ref. [57], indicates an increase, albeit with large uncertain-

ties. At the low-energy end of the spectrum, two of the data sets (Refs. [56, 57])

agree well with the Maxwellian. The remaining data sets are either high (Ref. [55])

or low (Ref. [58]) relative to the Maxwell distribution, albeit with significant uncer-

tainties. Note that the most recent measurements were taken in 1995. Therefore,

the field would benefit from more modern, high precision measurements.

Figure 11.13 shows the spectral ratios for 235U(n,f) at several different values

of En. In most cases, the data are mutually consistent within the uncertainties

and they exhibit the same general trends. The most noticeable discrepancy occurs

for En = 14.7 MeV which is above the threshold for multichance fission (the 2.9-

MeV measurement made with the same apparatus is in good agreement with the
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Fig. 11.12 Energy spectra of neutrons emitted from 239Pu(n,f), taken from Refs. [55] (◦), [56]
(▽), [57] (⊲)and [58] (•); shown relative to a Maxwell distribution having T=1.42 MeV.

Maxwellian for E < 4 MeV). The relative abundance of low-energy neutrons in

the 14.7 MeV spectrum may be due to pre-fission neutrons which generally have

lower average energy than those evaporated from fully accelerated fragments, Also

noteworthy is the spectral spike at E ≈ 7 MeV which is likely due to pre-equilibrium

neutron emission. It appears at an energy equal to the difference between the

incident neutron energy, En, and the height of the fission barrier, Bf , and the sharp

drop above this energy is a reflection of energy conservation which prohibits emission

of any pre-fission neutrons having energies greater than En − Bf . Therefore, the

tail of the spectral distribution results primarily from first-chance fission.

11.2.5 Photon observables

Measurements of prompt fission photons, especially in conjunction with neutron

measurements, are particularly important for determining the total prompt energy

release in fission and the average angular momentum of the fission fragments. Un-

fortunately, the experimental data on prompt photon fission observables are scarce

and tend to be fairly old. Some of the available differential data are shown in

Figs. 11.14 and 11.15. Nifenecker et al. [63] and Nardi et al. [64] reported results

with a 252Cf(sf) source, while Pleasonton et al. [62] employed thermal neutrons

on 235U. The Cf data sets above, both taken in the early 1970’s, exhibit mutual

contradictions that likely arise from both the experimental techniques and the as-

sumptions in the analyses. These three measurements are described briefly below.

Pleasonton et al. [62] measured the average number Nγ and energy Eγ of photons

as functions of fragment mass A and total kinetic energy TKE in 235U(nth,f). They
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found that Nγ and Eγ increase slowly with heavy fragment mass (decrease with

light fragment mass), as shown on the right-hand side of Fig. 11.14. They find a

sawtooth shape similar to that seen in ν(A) but with the edge at A ≈ 125. The

shape of Nγ(A) may suggest important neutron-photon competition. The average

photon energy emitted by the light fragment is about 30% higher than that from

the heavy fragment. The lower average value of 〈Eγ〉H indicates that the heavy

fragment is created with greater initial angular momentum [62], in agreement with
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Fig. 11.14 The average total emitted photon energy is shown as a function of the fragment mass,
A, (left) and light-fragment mass, AL, (right). The squares show the data from Ref. [62] with
thermal neutrons on 235U, while the circles [63] and diamonds [64] show data taken on 252Cf(sf).
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Fig. 11.15 Left panel: Average total emitted photon energy as a function of total fragment kinetic
energy for 235U(nth, f) [62] (�) and 252Cf(sf) [63] (•). Right panel: Average total emitted photon
energy as a function of the average neutron multiplicity for 252Cf(sf) reported in Ref. [63].

the results of Ref. [65]. The ratio Eγ/Nγ is highest near the doubly-closed shell at

A ≈ 132. Thus the smaller deformation of the heavy fragment, which reduces the

probability for neutron emission, also allows fewer photons to be emitted without

substantially changing the total photon energy.

The data also suggest a slow decrease of Eγ with TKE, shown on the left-hand

side of Fig. 11.15. Higher TKE is associated with lower nuclear deformation (hence

lower excitation energy). This is also consistent with the light fragment being more

deformed with higher S for low TKE, while the heavy fragment is more deformed

with higher S when TKE is high. Thus the angular momentum S is ≈ (0 − 2)~

near closed shells and ≈ 10~ for deformed fragments, giving an average of S ≈ 6.4~.

Their TKE results are in relatively good agreement with the 252Cf(sf) measurement

of Nardi et al. [64] but not with that of Nifenecker et al. [63].

Nifenecker et al. measured both neutrons and photons emitted from 252Cf(sf) to

study the competition between neutron and photon emission [63]. They reported

the average total photon energy as a function of the light fragment mass, AL, shown

on the right-hand side of Fig. 11.14, and total fragment kinetic energy, shown on

the left-hand side of Fig. 11.15. The total photon energy increases almost linearly

for AL > 100 with an enhancement for AL → 126. They also observe a strong linear

decrease in Eγ with TKE and they extract a linear increase in fragment angular

momentum with E∗, S(E∗) = aE∗ + S0 with a ≈ 0.2 assuming that S changes by

2 units for every MeV of photon energy. Allowing an A dependence of the ground-

state spin S0, this relation can account for Eγ(TKE) in Fig. 11.15. They also find

Eγ = (0.75 ν + 4) MeV (see the right-hand side of Fig. 11.15 [63]). This is a rather

striking positive correlation, if verified.

Earlier calculations [66] of the angular momentum acquired by the fragments

through mutual Coulomb excitation at scission found that, for a given fragment

deformation, the angular momenta increase rapidly with fragment kinetic energy,

in contradiction with Nifenecker’s conclusions [63]. Because Ref. [66] also suggested
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Fig. 11.16 The unfolded prompt photon multiplicity distribution for 252Cf(sf) measured by
DANCE (�) compared with the semi-empirical distribution of Brunson (N), see Ref. [67].

that the fragment angular momentum increases with deformation energy, Niefe-

necker et al. concluded that the fragment deformation is the dominant determinant

of its angular momentum. Because the rotational energy is only part of the total

fragment excitation energy, the correlation between the deformation energy and

TKE may be weaker than asserted in Ref. [63].

The 252Cf(sf) measurement of Nardi et al. [64], which separated photons from

neutrons using time-of-flight techniques, found a behavior of Eγ(A) similar to that

of Pleasonton et al. [62], see Fig. 11.14. Nardi et al. suggested that the behavior of

Eγ(A) and Eγ(ν) is due not to fragment angular momentum, as suggested by Nife-

necker [63], but to the variation of neutron binding energy in the fragments. They

ruled out any strong dependence of angular momentum with TKE (and thus with

excitation) and obtain an upper limit on the magnitude of the effect of fragment

angular momentum compatible with both the earlier 252Cf(sf) result of Wilhelmy

et al. [65] and the 235U(nth,f) result of Pleasonton et al. [62] which found S to

be independent of TKE to within one unit. However, it strongly contradicts Nife-

necker’s result. New measurements of these observables, with modern detectors,

would clearly be desirable.

Such new measurements are becoming available. Thus two results, from the

DANCE Collaboration taking data at LANL [68] and the LiBerACE Collaboration

[69] making measurements at LBNL, appeared recently, as is briefly discussed below.

The prompt photon energy and multiplicity distributions from 252Cf(sf) was

measured with a highly segmented 4π photon calorimeter, the Detector for Ad-

vanced Neutron Capture Experiments (DANCE) [68], together with a compact

gas-filled parallel-plate avalanche counter [70]. Both the energy and multiplicity

distributions were unfolded by simulating the detector response, employing a model

validated by the photon calibration sources. The unfolded photon multiplicity dis-

tribution is shown in Fig. 11.16, together with the semi-empirical distribution by

Brunson [71]. They agree reasonably well.
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The Livermore-Berkeley Array for Collaborative Experiments (LiBerACE) uses
252Cf(sf) to study photon multiplicity relative to neutron emission. The Cf source is

surrounded with high-purity germanium detectors enclosed in bismuth-germanate

detectors. The geometry provides good solid angle coverage. Room background,

as well as photons from cosmic rays, were subtracted by counting photons with no

source present. Two separate analyses were made, one of the overall photon multi-

plicity and the other of the photon multiplicity correlated with neutron multiplicity.

Because the background from photons emitted by β decays of fission products

(delayed photons) at low multiplicities was indistinguishable from prompt fission

photons, only detected photon multiplicities greater than seven were used in the

analysis of the overall photon multiplicity. The measured multiplicity distribu-

tions were compared to both the Brunson distribution [71] shown in Fig. 11.16

and a Monte-Carlo calculation of statistical photon emission [72]. For multiplic-

ities greater than seven, the measured distribution dropped off less rapidity than

the calculations, with the Monte-Carlo result [72] dropping faster with multiplicity

than the Brunson determination [71].

The second exploited the observation of discrete energy photons coming from

known transitions in identified fission products, after neutron emission, to study

neutron-photon correlations. Monte-Carlo calculations [72, 73] predict an anti-

correlation between photons and neutrons, i.e. the average photon multiplicity de-

creases with increasing neutron multiplicity. Thus, if the average photon energy is

independent of neutron multiplicity, higher photon multiplicities arise from higher

fragment excitation energies. On the other hand, Niefenecker et al. [63] suggested

that there was a positive correlation between neutron and photon multiplicities (see

the right-hand side of Fig. 11.15), provided that the neutron contribution from recoil

photons was subtracted correctly. This result was based on the fact that discrete

photons can be separated from the background of statistical decays to the contin-

uum and Compton scattering of high-energy photons. They chose two deformed

even-even product pairs: 106Mo+144Ba, with two emitted neutrons (ν=2), and
106Mo+142Ba, with four neutrons emitted (ν=4). They then compared the pho-

ton multiplicity distributions from these product pairs with each other and with

Monte-Carlo predictions [72]. If there is an anti-correlation between neutrons and

photons, a backward shift in the centroid of the photon multiplicity distribution

for four neutrons relative to two neutrons should be observed. But if there is a

positive correlation, the centroid for four-neutron emission should be at higher pho-

ton multiplicity than for two-neutron emission. They observed no difference in the

location of the centroids for the selected Mo+Ba ratios, within their significant sta-

tistical uncertainties, corresponding to no correlation between neutron and photon

emission. However, it is important to remember that the Monte-Carlo results were

based on an average of many fragment pairs, not only specific photon transitions in

selected pairs. This issue is thus still open.
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11.3 Modeling of fission

Nuclear fission is the result of a complicated dynamical evolution of a small many-

body system in which quantum mechanics plays a major role. As such, fission

presents many challenging issues that have not yet been satisfactorily elucidated,

even after many years. We cannot here fully review all the various theoretical ap-

proaches that have been developed nor the many advances that have been made.

An account of modern fission theory can be found in the recent book by Krappe

and Pomorski [74]. In this Section, we shall first briefly describe the general con-

ceptual framework for the most common theoretical treatments of nuclear fission

dynamics. Subsequently, we shall turn to the more phenomenological modeling of

fission, making contact with available data as far as possible.

11.3.1 Fission dynamics

As already recognized shortly after its discovery, the fission phenomenon can be

understood as an evolution of the nuclear shape. The very concept of a nuclear

shape is due to the basic character of the nucleonic interaction: it is attractive at

long distances but very repulsive at short distances. Therefore, when nucleons are

brought together (at low temperatures), there is an optimal spacing between neigh-

bors or, equivalently, nuclear matter has a preferred density, the so-called saturation

density. As a consequence, nuclei are leptodermous (thin-skinned), i.e. they have a

fairly uniform interior, with a density near the saturation value, and are bounded

by a relatively thin surface, having a thickness that reflects the (short) range of the

nuclear force. Nuclei can therefore be depicted as (nearly) incompressible diffuse

droplets of nuclear matter and, accordingly, the nuclear radius is proportional to the

cube root of the nuclear mass number, RA = r0A
1/3. This basic feature of nuclei

is contrary to the character of atoms whose electron clouds grow steadily denser

towards the center and whose sizes (e.g. their r.m.s. radii) do not increase steadily

as one moves up through the Periodic Table.

Because of the leptodermous character of nuclear systems, it is natural, when

seeking to develop a model of fission, to first decide which family of shapes to

consider. Quite a number of different shape parameterizations have been suggested

and employed. For an adequate description of nuclear fission, it is clearly necessary

to consider at least three types of shape change: overall nuclear elongation (often

measured in terms of the quadrupole moment of the matter distribution), the degree

of indentation between the two emerging fragments (often described by the radius

of the “neck” between the two parts), and the degree of reflection asymmetry. As

it turns out, it may also be essential to allow individual deformations of the two

pre-fragments, especially at lower excitations where shell effects play a role. On

the other hand, the shapes may usually be regarded as having rotational symmetry

around the axis connecting the centers of the two parts.
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11.3.1.1 Formal framework

Let the multi-dimensional variable q = {qi} specify a particular nuclear shape. The

theoretical task is then to determine how q evolves from a value characteristic of

the original nuclear compound nucleus towards two separated fragment nuclei. The

commonly adopted approach consists in treating q as a collective variable subject to

a dissipative coupling to the remainder of the system. Thus one must calculate not

only the potential energy of a specified shape, U(q), and the inertial-mass tensor

associated with shape changes, M(q), but also the dissipation tensor characterizing

the residual coupling, γ(q). The conservative part of the collective shape evolution

is then described by the corresponding Lagrange function,

L(q̇, q) = 1
2

∑

ij

Mij(q) q̇i q̇j − U(q) , (11.4)

and the associated collective momentum p = {pi} has the components

pi =
∂

∂q̇i
L(q̇, q) =

∑

j

Mij(q) q̇j . (11.5)

Furthermore, the associated conservative driving force F cons = {F cons
i } has the

components F cons
i (q, q̇) = ∂L(q̇, q)/∂qi.

It was recognized by Bohr [10] several years before the discovery of fission that

the time scale associated with the internal equilibration in a nucleus is relatively

short, giving rise to the concept of a compound nucleus. Therefore it may be as-

sumed that the internal rearrangements caused by a shape change occur sufficiently

quickly for the internal degrees of freedom to remain close to equilibrium. Because

the shape degrees of freedom are coupled to the internal system, their evolution

will then resemble that of Brownian motion. The average effect of this dissipative

coupling is a friction force F fric = {F fric
i } whose components are given by

F fric
i (q, q̇) = − ∂

∂q̇i
F(q̇, q) = −

∑

j

γij(q) q̇j , (11.6)

where the Rayleigh dissipation function,

F(q̇, q) = 1
2

∑

ij

γij(q) q̇i q̇j = 1
2
Q̇(q̇, q) , (11.7)

equals half the average rate of energy dissipation, i.e. the average rate at which

energy is transferred from the shape motion to the internal degrees of freedom. The

remainder of the dissipative force, F ran = F diss − F fric, is usually assumed to be

random in character and have a Markovian time dependence,

〈F ran
i (t)F ran

j (t′)〉 = 2T γij δ(t − t′) , (11.8)

where T is the nuclear temperature. It should be noted that it is the same tensor,

γ = {γij}, that enters in both (11.7) and (11.8), in accordance with the fluctuation-

dissipation theorem [75, 76].
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The equation of motion for the time evolution of the nuclear shape is then

obtained by equating the rate of momentum change with the forces acting,

∂

∂t
p = F cons(q̇, q) + F fric(q̇, q) + F ran(q̇, q) . (11.9)

It is often referred to as the Langevin equation because of the presence of the random

part of the dissipative force. It is thus a stochastic equation and it is most easily

solved by direct simulation, i.e. starting from the specified initial state (or ensemble

of initial states), one generates a (sufficiently large) sample of individual evolution

histories by using suitable random numbers for the stochastic force.

11.3.1.2 Potential

The most basic quantity needed is the multi-dimensional surface describing the po-

tential energy of the fissioning nucleus as a function of the nuclear shape. While

the overall, large-scale, features of the potential-energy landscape can be understood

on the basis of the liquid-drop model, its local value may deviate significantly from

the smooth average due to the shell structure of the particular shape considered.

Therefore, the potential energy is usually calculated by means of a hybrid approach,

the so-called macroscopic-microscopic method, by which the smooth average is ob-

tained from a suitable macroscopic model, while the local fluctuations are obtained

microscopically by solving the Schrödinger equations for the individual nucleons in

the associated deformed effective field and then extracting the pairing and shell

corrections, U(shape) = Umacro(shape) + Umicro(shape).

A thorough discussion of this approach was given in Ref. [77]. That work em-

ployed a two-dimensional shape parameterization, describing overall elongation and

reflection asymmetry, but richer shape families are required for realistic treatments

of fission. The so far most detailed shape family had been introduced previously by

Ray Nix [78]; its shape are formed by three smoothly joined portions of quadratic

surfaces and thus encompasses five distinct shape degrees of freedom: elongation,

indentation, asymmetry, and independent distortions of the two pre-fragments. For

this shape family (and others as well), using the finite-range liquid-drop model for

the macroscopic energy, BCS theory for the paring correction, and the Strutinsky

procedure for the shell correction, Peter Möller and collaborators have calculated

the potential energy for a essentially all fissionable nuclei (more than five thousand),

on a five-dimensional lattice containing over five million shapes [79, 80].

Knowledge of the potential energy landscape enables one to anticipate how the

shape may evolve towards fission. The locations of isomeric minima and the saddle

points between minima are particularly important. Thus, by surveying the land-

scape beyond the saddle, it is usually possible to predict the most probable mass

split and, in some cases, notably in the fermium region, the occurrence of bimodal

fission can be traced to the presence of different possible fission paths.
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11.3.1.3 Inertia

The inertial mass tensor for the nuclear shape motion is still not quantitatively un-

derstood, even though much progress has been made. The most common is there-

fore to simply assume that the flow is incompressible and irrotational. While this

is generally expected to become reasonably accurate at sufficiently high excitations

where the shell effects have subsided, it is less accurate at more moderate excita-

tions where the elements of the inertial mass tensor M(q) exhibit large variations

as the shape is changed and also tend to be larger than those for the correspond-

ing incompressible-irrotational flow. Nevertheless, that simple approach may be a

reasonable starting point because recent research suggests that the outcome of the

fission dynamics may not be critically dependent on the details of the inertia (see

Sect. 11.3.1.6).

Linear response theory provides a general and powerful formal framework for

calculating both the inertias and the dissipation associated with the nuclear collec-

tive motion and a thorough discussion of the approach can be found in the recent

book by Helmut Hofmann [81].

11.3.1.4 Dissipation

The magnitude and structure of the shape dissipation tensor γ(χ) is still a central

issue in the field. Early calculations employed a fluid-dynamical viscosity with an

adjustable strength, but nowadays the shape dissipation tensor is most often based

on the so-called one-body dissipation mechanism which considers the dissipative

interaction of individual nucleons with the evolving effective one-body mean field

[53]. It takes a particularly simple form for an irregular mono-nuclear shape, such

as a nucleus in the region of the fission saddle point,

Q̇wall = mnρv̄

∮

u2
n dσ . (11.10)

The integral is over the nuclear surface and un denotes the local surface velocity

normal to the surface. The overall strength is given by the product of the mass

density of the nucleons, ρ, and their mean speed, v̄ ≈ 3
4
vF . The resulting dissipation

is fairly strong (and nearly energy independent) and causes the shape motion to

become overdamped, rendering the inertial mass tensor M(χ) less crucial.

As the nucleus approaches scission, it attains a binary character, with the two

parts being in (mostly radial) relative motion. The above wall formula (11.10)

must then be augmented by the window formula which yields the energy dissipation

caused by the transfer of nucleons between the two moving binary partners,

Q̇window = 1
4
mnρv̄ πc2(2u2

‖ + u2
⊥) . (11.11)

Here u‖ is the relative radial velocity of the two pre-fragments, u⊥ is the transverse

velocity component, and c is the radius of the neck connecting the two parts.

The one-body dissipation produces fission paths that differ in essential ways

from those resulting from a viscosity. Importantly, one-body dissipation causes the
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Fig. 11.17 Left: For fission of four nuclei is shown the scission shapes obtained with either
non-viscous flow (left column), infinite two-body viscosity (center column), or wall-plus-window
one-body dissipation with standard strength (right column). Right: Total fission fragment kinetic
energy as measured or calculated with the three types of dissipation. Adapted from Ref. [53].

scission shapes to be rather compact and the relative motion rather slow, whereas a

viscosity yields rather stretched scission configurations for which the two parts are

already in appreciable relative motion. This is illustrated in Fig. 11.17 (left).

Early support for the dominance of the one-body dissipation mechanism in fis-

sion dynamics was provided by the dependence of TKE on Z2/A, where Z and

A denote the charge and mass numbers of the fissioning nucleus, see Fig. 11.17

(right). Generally TKE increases with Z2/A due to the growing dominance of the

Coulomb energy. Calculations (ignoring the random force) without any dissipa-

tion at all yield TKE values that are too large, whereas those using an infinite

viscosity underpredict TKE; it is possible to adjust the viscosity strength so that

TKE(Z2/A) is reasonably reproduced. Remarkably, calculations using the wall-

plus-window one-body dissipation readily reproduce this function without the need

for any adjustment. Furthermore, the experimental TKE values are not very de-

pendent on the initial nuclear excitation energy, indicating that the dissipation is

only weakly dependent on temperature, a general characteristic of the one-body

mechanism. Further studies were made in Ref. [82].

Because of this success and further supportive evidence from damped nuclear

reactions [83, 84], one-body dissipation has found widespread use in dynamical fis-

sion calculations. However, both theoretical considerations and further comparisons

with data suggest that the overall strength of the one-body dissipation tensor should

be reduced by about a factor of four (which will not change the results in Fig. 11.17).
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11.3.1.5 Langevin simulations

The general framework described above has found extensive use for the description

of heavy-ion fusion, damped nuclear reactions, and heavy-ion induced fission and

numerous studies have been made of the multi-dimensional fission dynamics.

In a broad line of work, Fröbrich and Gontchar [28] developed a Langevin de-

scription of fusion, deep-inelastic collision, and heavy-ion-induced fission from an

idealized schematic model. With the aim of reproducing the experimental data, the

potential and the transport coefficients for fusion and deep-inelastic collisions were

taken from a phenomenological surface friction model, whereas for heavy-ion in-

duced fission they invoked statistical considerations. In this manner they obtained

a universal reproduction of the data for a multitude of observables and they also

made comparison with related work by others.

Langevin studies of fission dynamics at lower energies, where shell and pairing

effects are present, were carried out with the a two-dimensional shape family of

Ref. [77], but coupling the shape evolution to the pre-fission neutron evaporation

and also taking account of angular momentum [85, 86]. Although quite successful

for the region of symmetric fission at high excitation, comparison with experimental

data suggested that there was a need to extend the dimensionality of the shape

family when going to lower energy. Furthermore, it was found that the fragment

mass distribution could provide useful information about the dissipation.

In a more recent effort, Langevin calculations of the mass, energy, charge, and

angular distributions of fragments formed by fission of excited nuclei have been done

with a three-dimensional shape family for a wide range of fissilities and nuclear ex-

citations [87]. A temperature-dependent finite-range liquid-drop model, taking into

account the diffuse nuclear surface, was used in a consistent way to calculate the

potential energy and the level-density parameter. The dissipation of the collective

motion was described by a modified one-body mechanism (see below) with a re-

duction of the wall contribution. The evaporation of light pre-scission particles was

taken into account on the basis of a statistical model combined with the Langevin

dynamics. The multi-dimensional Langevin calculations yielded a satisfactory re-

production of the observed distributions of fission fragments with respect to mass

and kinetic energy as well as the pre-fission neutron multiplicity.

Very recently, in a four-dimensional space in which the three-dimensional shape

family of Ref. [87] was extended to four dimensions by considering also the nu-

clear orientation, a Langevin study was made of various oxygen-induced fission

reactions, including also dynamical neutron evaporation. This yielded reasonable

agreement with the observed evaporation residue cross sections, fission-fragment

mass-energy distributions, pre-scission neutron multiplicities, and fission-fragment

angular anisotropies [88].
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11.3.1.6 Brownian shape dynamics

Because the dissipation associated with the nuclear shape dynamics is relatively

strong, the shape changes will be relatively slow and hence it might be expected

that it would be reasonable, at least as a starting point, to ignore inertial forces

altogether (by putting the inertias to zero). The equation of motion then simplifies,

0 = −∂U(q)/∂q − γ(q) · q̇ + F ran(q̇, q, t) . (11.12)

This is the Smoluchowski limit describing Brownian motion. In nuclear fission, the

N -dimensional nuclear shape represents the test body and the residual system forms

the statistical reservoir to which it is coupled. Thus the scenario is more complicated

than the familiar Brownian motion: it occurs in N dimensions (the dimensionality

of the shape parameter q), the medium is anisotropic (γ is not diagonal) and non-

uniform (γ depends on q), and the body is situated in an external potential, U(q).

This idealization was recently explored [90] with the five-dimensional shape fam-

ily for which the potential has been tabulated on a Cartesian lattice [80]. Further

simplification emerges if the dissipation tensor γ is isotropic, i.e. proportional to

the unit tensor for any shape, γ(q) = γ(q)I, because the shape evolution can then

be simulated by a Metropolis walk on the potential energy lattice [89]. Figure

11.18 shows fragment charge yields obtained in this manner compared with the

corresponding experimental data. The agreement is remarkable and at first sight

somewhat puzzling. However, further studies [90] suggest that the charge yield is

rather insensitive to anisotropies in γ, presumably because a large degree of equi-

libration takes place in the course of the strongly damped evolution. Thus, even

though the dissipation tensor is nowhere near isotropic, the idealization may never-

theless be quantitatively useful and it is currently being utilized to make extensive

survey calculations of fragment yields in various regions of the nuclear chart.

These studies [89, 90] have already brought out a number of instructive features.

Probably most importantly, it appears that the potential energy surface is a crucial

determinant for the outcome of the fission process. Thus it was demonstrated

that a correspondingly good reproduction of the yields could not be achieved with

a shape family of lower dimensionality. Furthermore, it was possible to dismiss

the long-held belief that the character of the fragment yield, whether symmetric

or asymmetric, was determined by the character of the saddle shape (222Th has

an asymmetric saddle shape but a symmetric fission yield), suggesting that the

shape evolution from saddle to scission is non-trivial. This conclusion was further

supported by comparisons with yield expectations based on the relative statistical

weight of scission configurations, among the earliest models proposed for fission

yields [91, 92]. Such models were found to exhibit strong sensitivity to the definition

of the scission shapes whose weights were compared, in contradistinction to the

outcomes of dynamical calculations which tend to be very robust against when

the calculation is stopped because by then the mass split is well determined. An

extensive review of nuclear scission was given by Brosa et al. [93].
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Fig. 11.18 Calculated and measured charge yields for fission of 240Pu and 236,234U; the data in
(a)-(c) are for (nth,f), while those in (d) are for (γ,f) reactions leading to E∗ ≈ 8 − 14MeV (the
corresponding calculation was made for E∗ = 11 MeV). [From Ref. [89].]

11.3.1.7 Microscopic fission dynamics

The transport treatments discussed above have proven to provide both practical and

powerful means for obtaining quantitatively useful results and for gaining physical

insight into the fission phenomenon. However, from a theoretical perspective, it

is desirable to ultimately be able to describe the process within a self-consistent

quantum-mechanical microscopic framework. Efforts towards this goal have been

underway for decades and it is beyond the present scope to attempt a review here.

The most advanced microscopic studies of fission employ the constrained

Hartree-Fock-Bogoliubov method with an effective finite-range density-dependent

nucleon-nucleon interaction. On this basis, purely static studies have yielded very

instructive results for a number of actinide isotopes, see in particular Refs. [94, 95].

Within this framework, invoking the time-dependent generator coordinate

method, making use of the Gaussian overlap approximation, and relying on the

adiabatic assumption (that the collective dynamics decouples from the intrinsic

system), Goutte and collaborators [96] have derived Schrödinger equations of mo-

tion for the collective amplitudes and applied this dynamical model to fission of
238U. Analyses of the resulting evolution and comparison of the extracted fragment

mass and energy distributions are encouraging and suggest that further improve-

ments of the model would be worthwhile. These studies, whether static or dynamic,

have so far included only quadrupole and octupole constraints and the authors draw

particular attention to the possibility that more shape flexibility may be needed.
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11.3.2 Modern modeling of fission observables

In the preceding section we have discussed the theoretical treatment of the shape

evolution associated with nuclear fission. Because the fission process itself is accom-

panied by a variety of other processes, most notably the emission of several neutrons,

there is a need for developing models that encompass the entire phenomenon. Such

modeling is particularly needed for generating the data evaluations used by applica-

tion codes that require accurate knowledge of the prompt fission neutron spectrum

for different fissile isotopes over a wide range of incident neutron energies. Since

the early 1980’s, most evaluations of fission data have employed a ‘standard model’

of prompt fission neutron emission which we describe briefly below. Subsequently,

we will discuss current efforts to go beyond such average treatments by to Monte

Carlo techniques.

11.3.2.1 Traditional models

The dominant method of calculating the prompt fission neutron spectra, of critical

importance for nuclear databases used in simulating fission for stockpile stewardship

and reactor studies, has been the ‘Los Alamos model’ introduced by Madland and

Nix [97]. This model was developed to improve upon earlier calculations using

Maxwell distributions with parameters adjusted to data. That approach had several

shortcomings, including the fact that the neutron spectrum, even under idealized

circumstances, is not of Maxwellian form; even if it were, it would be distorted

by the motion of the emitting nucleus; and the spectrum should soften due to the

cooling of the fragment as more neutrons are emitted.

The Madland-Nix approach uses the Weisskopf-Ewing spectral shape,

dNn/dE ∼ E exp(−E/Tmax), where E is the relative kinetic energy of the emitted

neutron and Tmax is the maximum temperature of the daughter nucleus, correspond-

ing to E = 0. Relative to the thermal (Maxwellian) spectrum, the Weisskopf-Ewing

spectrum contains an additional factor ∼
√

E, as elementary considerations would

suggest (the faster a neutron moves inside the nucleus, the sooner it is emitted,

skewing the thermal spectrum by a velocity factor). It is easy to see that the mean

neutron kinetic energy is 〈E〉 = 2T .

Once the energy of the neutron is known, the excitation energy of the daughter

nucleus follows by conservation and the nuclear temperature T is then obtained

with the simple Fermi gas model, E∗ = aT 2, where the level density parameter

is taken as a = A/e0 with e0 ≈ 8 − 10 MeV. Because the actual neutron energy

E is stochastic, so is the resulting excitation of the daughter nucleus. As a par-

ticular simplification, the Madland-Nix model assumes that the corresponding T

distribution, P (T ), is triangular, because the average neutron spectrum can then

be obtained on an analytical form,

(

dNn

dE

)

ave

=

∫ Tmax

0

dNn

dE
P (T ) dT =

2E

T 2
max

∫ Tmax

0

e−E/T dT

T
. (11.13)
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The overall average neutron energy is then 〈E〉 = 4
3
Tmax. If the fragment moves

with its average kinetic energy, Ef = (1 − Af/A)TKE, the average prompt fission

neutron spectrum in the laboratory frame can also be obtained analytically.

In the original work by Madland and Nix [97], the light and heavy fragments were

assumed to be the most probable ones, while a local average value, 〈Sn〉, was used

for the neutron separation energy. Furthermore, the average total initial fragment

excitation energy, 〈E∗
LH〉, was obtained by subtracting the measured average total

fragment kinetic energy, TKE, from the appropriate Q value, QLH . The average

neutron multiplicity for a given fragment was then obtained as

ν =
〈E∗

LH〉 − 〈Eγ〉
〈Sn〉 + 〈E〉 , (11.14)

where 〈Eγ〉 is the average energy radiated away by photons. Multichance fission

can be approximated using a model of nth-chance fission cross sections relative to

the total fission cross section and adjusting the neutron multiplicity by the ratio of

these cross sections.

The resulting average spectra, based on these simplifying assumptions, are com-

pletely smooth. No information about the initial fragment identities or kinetic

energies are available beyond the average. Furthermore, the spectra are indepen-

dent of the neutron multiplicity so that their shapes are identical no matter how

many neutrons are emitted.

The Madland-Nix model [97] has been very useful and a number of variants

have been introduced with further refinements (see, for example, Ref. [98]). It is

still being used as the basis for spectral evaluations and most simulations of prompt

fission neutron emission.

11.3.2.2 Monte Carlo based methods

While the Madland-Nix model [97] has been used very successfully for both repro-

ducing the measured prompt fission neutron spectra where measurements exist and

for making predictions of the spectra where no data are available, see Figs. 11.12

and 11.13, it cannot be used for calculating other quantities without considerably

expanding the number of parameters [98]. To gain more physics insights into the

fission process, especially near scission, it is necessary to address more exclusive

data, such as the neutron multiplicity as a function of fragment mass, shown in

Fig. 11.4, and the neutron multiplicity distribution, shown in Fig. 11.10. To go

beyond average models, it is most convenient to employ Monte Carlo methods to

simulate the individual fission events, thus obtaining a sample of events from which

both fluctuations and correlations may be subsequently extracted, much as one

would analyze an ideal experiment. These approaches will be briefly described in

the following.

Monte Carlo methods are particularly useful when used to simulate the entire

fission process and produce large samples of complete fission events, conserving
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energy and momentum at each step while retaining full kinematic information on

the emerging fission products and the emitted neutrons and photons. With this

information it is straightforward to extract the behavior of any quantity of interest,

including correlations between different quantities.

Several groups that have been developing Monte Carlo approaches since 2005.

Lemaire et al. made the first Monte Carlo calculations of evaporation of prompt

neutrons [99] and photons [72] from 235U(n,f) and 252Cf(sf). Some of the same

authors are now pursuing a more refined approach with first results on 239Pu(n,f)

using the FFD code having recently appeared [100]. Shortly after the Lemaire pa-

pers, Randrup and Vogt introduced the Monte Carlo model FREYA (Fission Reaction

Event Yield Algorithm) [30, 32, 101] which produces samples of complete events.

It has been employed to develop evaluations for 239Pu(n,f) and 235U(n,f), for in-

cident neutron energies up to 20 MeV [101, 30] as well as to study correlations in

neutron-induced and spontaneous fission [32, 73]. It is now being used to study

photon observables in more detail in these same isotopes [102]. Two other recent

Monte Carlo models recently introduced are FIFRELIN (Fission Fragment Evapo-

ration Leading to an Investigation of Nuclear Data) by Litaize and Serot [103] and

GEF by Schmidt and Jurado [104] which incorporates a model of fission fragment

yields based on an extensive set of measured yields.

All the models require some amount of experimental or theoretical input. Like

all Monte Carlo treatments, any extrapolation of parameters or calculations outside

the range of inputs may lead to inaccurate predictions. Thus more and better data,

as well as improved theoretical input, are necessary to make further progress with

Monte Carlo approaches and improve predictive capability.

In the remainder of this section, we first discuss features common to all ap-

proaches. We then compare some of the current model results. Finally, we show

some correlation observables that could potentially be measured and might prove

useful in applications looking at small amounts of fissile material in particular.

11.3.2.3 Fragment properties

Sections 11.2.2.1 and 11.2.2.2 describe some of the characteristics of the fragment

yields and total kinetic energies immediately after scission. The ideal Monte Carlo

input data would include the fragment yields as a function of mass, charge, and

kinetic energy, Y (A, Z, TKE). In practice, there is typically a measurement of only

one of these quantities, averaged over the other two. Once the fragment charges and

masses are identified, the total energy in the fission event, the Q value, is obtained.

This energy is divided between the total kinetic energy and the total excitation

energy of the fragments. If the TKE is sampled, the excitation energy, TXE, is

known from energy conservation.

FREYA makes use of measured mass yields, Y (A), and total kinetic energies. To

reach incident neutron energies of up to 20 MeV, the energy dependence of the

yields was parameterized from data, making certain model assumptions and taking
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multichance fission into account [30]. The shape of the total kinetic energy has been

assumed to remain approximately constant as a function of incident energy and an

adjustable energy shift, dTKE, was introduced to retain agreement with the total

average neutron multiplicity, ν. FREYA is the only Monte Carlo so far to include

multichance fission and pre-equilibrium neutron emission.

Once the fragment mass has been selected, the charge of the fragment, Zf , is

sampled from a Gaussian distribution [38], PAf
(Zf ) ∼ exp[−(Zf −Zf (Af ))2/2σ2

Z ].

The centroid is determined by requiring that the fragments have, on average, the

same charge-to-mass ratio as the fissioning nucleus, Z̄f (Af ) = AfZ0/A0, while the

variance is given by σ2
Z = (σ0

Z)2 + 1
12

, with σ0
Z having been determined experimen-

tally, [38]. The charge of the complementary fragment follows from ZL + ZH = Zc.

FIFRELIN has only published results so far for spontaneous fission of 252Cf(sf). It

makes use of the measured fragment yields, Y (A), and a mass-dependent Gaussian

function characterized by a measured mean kinetic energy and dispersion [103],

Y [KE(A)] ∼ exp

{

− [KE − 〈KE〉(A)]
2
/2σKE(A)

2

}

. (11.15)

It uses the same charge selection procedure as FREYA.

The latest results by Talou et al. on 239Pu(n,f) are only for thermal neutrons

so far [100]. They make a least-squares fit to experimental mass yields, Y (A), as

well as data on the total kinetic energy as a function of heavy fragment mass, AH .

They also use the measured width of TKE(AH) to obtain a Gaussian similar to

Eq. (11.15) above but with KE(A) replaced by TKE(AH). They assume that the

mean of the charge density distribution is adjusted by a deviation ∆Z, and an

odd-even factor, F (A), so that

Y (Z|A) ∼ F (A) [erf(V+) − erf(V−)] , (11.16)

where V± = (Z − Z̄ ± 0.5)/(
√

2σZ).

When the mass and charge of each fragment have been selected, the associated

fission Q value follows. After scission has occurred, the two fragments are being

accelerated in their mutual Coulomb field as their shapes relax to their respective

equilibrium forms. In addition to the resulting relative translational motion, the

emerging fragments generally carry angular momentum, SL and SH , so the energy

available for statistical excitation of the fragments is

E∗
L + E∗

H = QLH − TKE − Erot
L − Erot

H . (11.17)

The nuclear rotational is treated in a rather schematic manner, the energy being

Erot = S2/2I, where the moment of inertia is typically half the rigid value, I ≈
1
2
Irigid = 1

5
mNAR2, where R = r0A

1/3 is the fragment radius.

Employing a “spin temperature” parameter TS , FREYA first samples the angular

momenta of the two fragments and then subtracts the associated rotational ener-

gies as well as the experimentally measured average kinetic energy, TKE (plus a

small common amount adjusted to ensure correct reproduction of the overall aver-

age neutron multiplicity), to obtain the average total statistical excitation, which
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is subsequently divided between the two fragments by equipartition. A small re-

distribution is then made in favor of the light fragment to emulate its typically

larger scission distortion. Subsequently, associated energy fluctuations, δE∗
f , are

sampled statistically, by use of a Fermi gas, and the total fragment kinetic energy

is adjusted correspondingly, TKE = TKE − δE∗
L − δE∗

H . This procedure will be

discussed further in Sect. 11.3.2.5.

The GEF code [104] employs a model of the potential energy surface of the

fissioning nucleus near scission to calculate the fragment yields as a function of

charge and mass. Using this method, they obtain the total intrinsic excitation

energy E∗
int at scission from the initial energy of the fissioning nucleus, E∗

CN; the

height of the fission barrier, EB; and the energy released on the way from saddle

to scission dissipated into excitation energy, Ediss [105], E∗
int = E∗

CN − EB + Ediss.

For example, in neutron-induced fission, the initial energy, E∗
CN, is the sum of the

incident neutron energy and the neutron separation energy. In this model then,

the excitation energy is obtained directly, obviating the need for the total fragment

kinetic energy used in all other Monte Carlo treatments.

11.3.2.4 Fragment de-excitation

Usually both fully accelerated fission fragments are excited sufficiently to permit the

emission of one or more neutrons. After neutron emission is no longer energetically

possible, the remaining excitation energy is radiated by photons. Initially photon

emission is also statistical. However, when the excitation energy reaches the yrast

line, photon emission is along this line, passing through discrete levels until the

fragment is no longer excited. We note that, as of yet, no Monte Carlo code treats

the competition between neutron and photon emission realistically near the limit

of neutron evaporation, the sum of the neutron separation energy, Sn, and the

collective rotational energy of the fission fragment, Erot
f .

Neutron evaporation. Neutron emission is treated by iterating a simple neutron

evaporation procedure for each of the two fragments separately. At each step in the

evaporation chain, the excited mother nucleus AiZi has a total mass equal to its

ground-state mass plus its excitation energy, M∗
i = Mgs

i + E∗
i . The Q-value for

neutron emission from the fragment is then Qn = M∗
i −Mf −mn, where Mf is the

ground-state mass of the daughter nucleus and mn is the mass of the neutron. (For

neutron emission we have Af = Ai − 1 and Zf = Zi.) The Q-value is equal to the

maximum possible excitation energy of the daughter nucleus, achieved if the final

relative kinetic energy vanishes. The temperature in the daughter fragment is then

maximized at T max
f .

Thus, once Qn is known, the kinetic energy of the evaporated neutron may be

sampled. Most models assume that the neutrons are emitted isotropically from the

mother nucleus with the spectral shape taken from the Weisskopf-Ewing distribution
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[106] used already by Madland and Nix [97],

fn(E) ≡ 1

Nn

dNn

dE
∼ E e−E/Tmax

f , (11.18)

which can be sampled efficiently [32]. It is assumed that the fragment retains all of

its angular momentum. The daughter excitation is then given by E∗
f = Qn − E

and its total mass is thus M∗
f = Mgs

f + E∗
f . The magnitude of the momenta of the

excited daughter and the emitted neutron can then be determined [32]. Sampling

the direction of their relative motion isotropically, one may thus obtain the momenta

of the neutron and the daughter fragment; these are subsequently boosted into the

overall reference frame by the appropriate Lorentz transformations.

This procedure is repeated until no further neutron emission is energetically

possible, which occurs when E∗
f < Sn + Erot

f , where Sn is the neutron separation

energy in the prospective daughter nucleus, Sn = M(AZ) − M(A−1Z) − mn. no d!

Photon radiation. After the neutron evaporation has ceased, the excited prod-

uct nucleus may de-excite by sequential photon emission. This process is treated

in a manner analogous to neutron evaporation, i.e. as the statistical emission of

massless particles until the fragment excitation energy reaches the yrast energy for

that fragment.

There are two important technical differences relative to the treatment of neu-

tron emission. There is no separation energy for photons and, because they are

massless, there is no obvious end to the photon emission chain (which necessitates

the introduction of an infrared cut-off). Whereas the neutrons may be treated by

nonrelativistic kinematics, the photons are ultrarelativistic. As a consequence, there

is an extra energy factor in the phase-space Jacobian,

fγ(E) ≡ 1

Nγ

dNγ

dE
∼ E2 e−E/Tmax

f . (11.19)

The photons are assumed to be emitted isotropically and their energy can be sam-

pled very quickly from the above photon energy spectrum [32]. This procedure is

repeated until the available energy reaches the yrast line, at which point the pho-

tons are emitted from the yrast bands with discrete energies corresponding to a

reduction of the angular momentum by two units. Thus a number of kinematically

fully-characterized photons are emitted from each of the two product nuclei.

11.3.2.5 Fragment temperature distributions

Finally, we discuss the resulting temperature distributions in the fragments after

neutron evaporation. At each stage of the neutron evaporation chain, the excitation

of the daughter nucleus is the difference between the evaporation Q-value and the

kinetic energy of the evaporated neutron, E. Consequently, the spectral distribution

of E will cause T to have a corresponding distribution, P (T ). Even at the first

evaporation stage, the T distribution will be non-trivial because the initial excitation

of the emitting fragment has itself a distribution, as described above.
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The temperature distributions in the daughter, granddaughter, and great grand-

daughter nuclei are shown in Fig. 11.19 as obtained with FREYA for six particularly

interesting cases of either spontaneous or thermal-neutron induced fission. The

temperatures in the daughter nuclei (ν = 1) are fairly well peaked at around 0.5-

0.8 MeV; the larger contributions come from the light fragment which tends to be

hotter than its heavy partner. The temperature distributions in the granddaugh-

ter nuclei (ν = 2) are considerably broader and peak at lower energies, and they

decrease monotonically for the great-granddaughters (ν = 3).

For spontaneous fission of 240Pu and 238U, where the average total neutron

multiplicity is only ν ≈ 2.15 and 2.0, respectively, each fragment is likely to emit

only a single neutron so that either fragment is relatively unlikely to emit three

neutrons, so P3(T ) is quite small. The induced fission processes 239Pu(nth,f) and
235U(nth,f) lead to higher daughter temperatures than 240Pu(sf) and 238U(sf) and

they also yield larger multiplicities. Thus ν ≈ 2.88 for 239Pu(nth,f) relative to 2.15

for 240Pu(sf), and ν ≈ 2.47 for 235U(nth,f) relative to 2.0 for 238U(sf). Spontaneous

fission of 244Cm and 252Cf also results in higher daughter temperatures. Indeed, the

temperature distributions are similar for 244Cm(sf) and 239Pu(n,f), as are the aver-

age neutron multiplicities (2.72 and 2.88, respectively). For 252Cf(sf) the daughter

temperature peaks at a higher value than in all the other cases considered and the

tail extends further as well. In addition, the distribution of the temperature in the

granddaughter fragments has a distinct peak around T ≈ 0.6 MeV, not surprising

since ν ≈ 3.75 for 252Cf(sf).
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Fig. 11.19 The distribution of the temperature in the daughter nucleus, Pν(T ), after ν neutrons
have been evaporated from a primary fragment, calculated with FREYA and normalized such that
P

ν Pν(T ) = Pall ν(T ), for six cases of either spontaneous or thermal-neutron induced fission.
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In the treatment by Madland and Nix [97] a convenient analytical expression

was obtained by assuming that the overall distribution of the daughter temperature,

Pall ν(T ), has a triangular shape. The results in Fig. 11.19 demonstrate that such

an assumption is unrealistic, even for just ν = 1.

11.3.3 Model results

We now compare neutron results from the available fission Monte Carlo calculations.

Two of the most important quantities for the applied physics community are the

average neutron multiplicity, ν, known to rather high precision, and the average

neutron spectrum. The applications particularly focus on 239Pu(n,f) and 235U(n,f),

along with 252Cf(sf) which is a well-measured calibrator. Thus much of the available

data are on these major isotopes. This section will focus on model results on
239Pu(n,f) and 252Cf(sf). For results on other actinides, see e.g. Refs. [73, 104].

We first compare results for the neutron multiplicity as a function of fragment

mass, ν(A), for 252Cf(sf) and 239Pu(n,f) with En = 0.5 MeV. We then show the

neutron multiplicity distribution, P (ν), for 239Pu(n,f). We present the results for

one of the model calculations for 239Pu(n,f) relative to a Maxwellian and, finally,

show a result for the residual energy left over for photon emission in 252Cf(sf).

The dependence of the average neutron multiplicity on the fragment mass num-

ber A, is very sensitive to the division of the excitation energy which is governed by

the parameter x in FREYA [73] and in the temperature ratio, RT in FFD [100] and

FIFRELIN [103]. As shown in Figs. 11.20 and 11.21, all the models reproduce the

characteristic ‘sawtooth’ behavior.

There are numerous measurements of ν(A) for 252Cf(sf), shown in Fig. 11.20.

Each of the model calculations compares to different data sets. However, all the data

are remarkably similar. While there are differences near the peak of the sawtooth,

these are generally rather small. Only the Wahl systematics, based on data taken

before 1988 [108], plotted as the open circles in the bottom panel of Fig. 11.20

exhibit a different shape. The FIFRELIN results (top left) are shown for RT = 1.25

and two different assumptions of the momenta of inertia of the rotating fragments.

Both calculations give quite similar values of ν(A) and also agree rather well with

the FREYA result with x = 1.3 on the top right panel of the figure. Both calculations

show a higher and broader shoulder for the light fragment than the data and also

have a less pronounced slope of ν(A) for A > 145. Changing x or RT does not

change the slopes of ν(A), only the relative magnitudes. To better describe ν(A), it

would be necessary to fix x(A) or RT (A) rather than employing just a single-valued

parameter for x. Indeed, when FIFRELIN is run with an A dependent value of RT ,

the agreement is improved. The FREYA result also includes the variance on ν(A),

in addition to the average result. The GEF result follows the data of Ref. [109]

rather closely with an almost linear slope of ν(A) for the light fragment, with no

characteristic shoulder for the light fragment. These calculations also underestimate



October 19, 2012 8:18 World Scientific Book - 9.75in x 6.5in fission

Nuclear Fission 39

80 100 120 140 160
Mass number A

0

1

2

3

4

ν(
A

)

Shangyao
Vorobiev
Zakharova
FREYA

252
Cf(sf)

Fig. 11.20 The measured average neutron multiplicity as a function of the fragment mass for
252Cf(sf) compared to results from FIFRELIN [103] (top), FREYA [73] (bottom left), and GEF [104]
(bottom right). FIFRELIN is compared with data from Refs. [109] (•), [110] (∗), and [47] (�); FREYA
is compared to data from Refs. [25] (◦), [26] (�)and [27] (♦); and GEF is compared to the Wahl
systematics [108] (◦) and data from Ref. [109] (•).

the slope of ν(A) for the heavy fragment. The GEF calculation assumes that the

deformation of the fragment shape is given by the same Z dependent function for

all fragments.

While there are also several measurements of ν(A) for neutron-induced fission

of 239Pu, the results in the top half of Fig. 11.21, while exhibiting the same general

trends, are not in as good agreement as those shown in Fig. 11.20. The agreement

between the results of Ref. [100] with RT = 1.1 and FREYA with x = 1.1 are quite

similar. Using an A-dependent value of RT , obtained by fitting the ratio νL/νH as

a function of AH to the 1965 Apalin data [22], gives better agreement with ν(A)

near the minimum around A ∼ 130. Tuning RT (A) to the ratio of multiplicities,

however, does not give overall excellent agreement with the data, even those data

it has been extracted from.

As a further check, it is possible to compare the average neutron kinetic energy of

the model calculation to the Tsuchiya data [20], the only experiment that reported

such data. The results are shown in the bottom panels of Fig. 11.21. Neither

RT = 1.1 nor RT (A) compare as well to these data as to ν(A). Indeed, the fitted
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Fig. 11.21 Top: Average neutron multiplicity as a function of fragment mass number for
239Pu(n,f): FFD results [100] and data from Batenkov [111] (�), Apalin [22] (◦), Nishio [21]
(△), and Tsuchiya [20] (▽) (left); FREYA results [73] compared with data from Tsuchiya [20]
(△), Nishio [21] (▽), and Apalin [22] (⊳)(right). Bottom: Average neutron kinetic energy
for 239Pu(n,f): FFD results [100] (left) and FREYA results (•) (right) compared with data from
Tsuchiya [20] (� and �).

result for RT (A) gives a dip in the neutron kinetic energy at the same value of A as

the dip in the sawtooth, presumably because the lower temperature required by the

fit at this point considerably reduces the available kinetic energy near the closed

shell. FIFRELIN results on 252Cf(sf) with an A-dependent RT show an even sharper

dip at A ≈ 132 than the FFD code while the Cf data have a peak in the average

neutron kinetic energy at the same region [103]. The FREYA result in the bottom

right panel of Fig. 11.21 is similar to the FFD RT = 1.1 result albeit without the

sharp cusp in the result of Ref. [100] near A ≈ 105. FREYA still shows an overestimate

in the neutron kinetic energy near A ≈ 110 and an underestimate near A ≈ 125.

We now present results for the neutron multiplicity distribution, averaged over

fragment mass, first described in Sect. 11.2.3.2. Figure 11.22 shows the neutron

multiplicity distribution P (ν) for 239Pu(n,f) from Refs. [100, 30]. In both cases, the

results are compared to the compilation of data presented by Holden and Zucker

[44]. Like the data, the model results are considerably different from what could be

obtained with Poisson statistics. Again, the results with the fixed, A-independent,

values of RT and x give very similar results, both peaking slightly higher than the
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compiled data at ν = 3.

We now turn to the average neutron spectrum of 239Pu(nth,f). This has been

measured by a number of experiments and provides an important calculational

benchmark. Figure 11.23 shows the ratio of the FFD code to a Maxwell distribution

with the same temperature as previously shown in Fig. 11.12. In this case the

uncertainties in the data are not shown. Two data sets (not shown earlier) by

Bojcov [112] and Lajtai [113], both from the mid 1980’s, emphasize the differences

in the measurements for outgoing neutron energies En < 0.1 MeV. The results from

FFD are between the two measurements. They are also somewhat higher than the

Los Alamos model-based calculation in the release of the major database, ENDF/B-

VII.0 [29]. The ratio is insensitive to RT , except in the high energy tail of the

spectrum (En > 10 MeV) where RT (A) becomes considerably harder, which can

likely be attributed to the lower neutron kinetic energies near A ≈ 130. Thus

the authors of Ref. [100] conclude that fitting RT as a function of A should not

be considered as giving the ‘best’ fit but rather more indicative of uncertainties

stemming from limitations of the model.

Finally, Fig. 11.24 shows a FIFRELIN result related to photon emission. Al-

though none of the recent Monte Carlo models have yet published direct results on

photon emission, work is in progress and may be expected soon. Assuming that

photon emission only begins after neutron emission has ceased, the residual exci-

tation energy of the fragments after all neutrons have been emitted is a measure

of how much energy is available for photon emission. The FIFRELIN calculation is

compared to Nifenecker’s result for Eγ(AL) shown in Fig. 11.14 [103]. While the

calculated result is generally independent of AL for AL < 114, it does jump up by

nearly 1 MeV closer to the symmetry value of AL = 126. More detailed compar-

ison of the model with direct photon emission is necessary to determine whether

the basic level of agreement holds. New measurements are also needed to ascertain

whether the data are correct, given their disagreement with the other measurements
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shown in Fig. 11.14.

A way to correlate photon and neutron emission is to measure the average photon

energy as a function of the neutron multiplicity, demonstrating the dependence of

the average residual excitation energy in those post-evaporation product nuclei on

ν. Because this energy is available for subsequent photon emission, one may expect

that the resulting photon multiplicity would display a qualitatively similar behavior

and thus, in particular, be anti-correlated with the neutron multiplicity. The FREYA

result for 252Cf(sf) is shown on the right-hand side of Fig. 11.24. A similar result

was obtained in Ref. [72]. The average residual excitation energy at the average

neutron multiplicity, ν ≈ 3.75, is about 5.3 MeV with a dispersion of about 2 MeV.

The average is ≈ 1.5 MeV lower than the Nifenecker result but consistent within

the uncertainties of the Nardi measurement, see Fig. 11.14. As shown in Ref. [73],

there is little sensitivity of the residual excitation to the identity of the fissioning

nucleus, suggesting that the energy remaining after prompt neutron emission has

ceased is not strongly dependent on the initial fragment temperature.

Phenomenological studies of nuclear fission are of interest for possible practical

applications for nonproliferation and security, particularly for the detection of fissile

material. New efforts are underway to improve the detection technology, especially

for the study of fast fission neutrons. Because fissile material emits neutrons, it

is advantageous to utilize these fast neutrons as a signal. Furthermore, correlated

neutron observables may be useful for eliminating background sources [115].

We touch on two such correlations here, the spectral shape for various neu-

tron multiplicities and the two-neutron angular correlations. Figure 11.25 show the

FREYA results for these observables for spontaneous fission of 240Pu, an important

contaminant of enriched 239Pu, and 239Pu(n,f) at En = 0.5 and 14 MeV. Com-
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Fig. 11.24 Left: The total excitation energy available for photon emission as a function of the
light fragment mass, compared to Nifenecker’s result [103]. Right: The residual excitation energy
left in the fragments after neutron emission has ceased, as calculated with FREYA [73].

parison of 240Pu(sf) and 239Pu(nth,f) shows the difference between two systems

with the same initial compound nucleus at similar excitation energies, while the

difference between results at two different incident neutron energies shows how the

correlations depend on En.

For fission events with a specified total neutron multiplicity ν, the spectral

shape, fν
n(E) ≡ (1/ν)dν/dE, is normalized to unity,

∫

fν
n(E)dE = 1. The corre-

sponding spectral shape of neutrons from all the fission events, irrespective of the

associated multiplicity, is denoted by fn(E) and also normalized to unity. Such

multiplicity-gated spectral shapes for a variety of cases, calculated with FREYA, are

shown on the left-hand side of Fig. 11.25 for multiplicities up to ν = 6. It is ap-

parent that the spectra become progressively softer at higher multiplicities, as one

would expect because more neutrons are sharing the available energy. This type

of elementary conservation-based correlation feature cannot be not provided by the

earlier (“standard”) models of fission.

The tails of the 240Pu(sf) spectra drop faster and are broader than those from
239Pu(nth,f). The average energies are also smaller and fewer neutrons are emitted

from 240Pu(sf). At En = 14 MeV, the higher neutron multiplicity means that the

spectra for ν up to 6 are more collimated. The average energies are higher, making

the spectra harder. There is a clear peak at En − Bn ∼ 8.4 MeV at ν = 1 due

to pre-equilibrium emission because this represents the highest available outgoing

neutron energy. The high energy tail of the spectrum in this case is all due to first-

chance fission with no pre-equilibrium emission. As ν increases, the sharp peak is

softened until the average over all ν shows only a relatively small change in slope.

The event-by-event nature of FREYA makes it straightforward to extract the an-

gular correlation between two evaporated neutrons, an observable that has long

been of experimental interest (see, for example, Refs. [50, 116, 117] and references

therein) but which cannot be addressed with the standard models of fission. The

right-hand side of Fig. 11.25 shows this quantity for neutrons with kinetic energies
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Fig. 11.25 Left: The multiplicity-gated spectral distributions for neutrons emitted in association
with fission of plutonium: 240Pu(sf) (top), n(0.5MeV)+239Pu (middle), and n(14MeV)+239Pu
(bottom), for specified neutron multiplicities ν = 1−6 or any ν. Right: The corresponding angular
correlation between two neutron having a minimum energy of either 0.5 MeV (solid), 1.0 MeV
(dashed), or 1.5 MeV (dot-dashed). Calculated with FREYA (see Refs. [30, 73]).

above E = 0.5, 1 and 1.5 MeV. The angular modulation grows somewhat more pro-

nounced as the threshold is raised while the statistics are correspondingly reduced.

The neutrons tend to be either forward or backward correlated. The backward

correlation appears to be somewhat favored. There is a significant correlation at

θ12 = 0 when both neutrons are emitted from the same fragment, with a higher

peak when both neutrons are emitted from the light fragment due to its higher

velocity. On the other hand, when one neutron is emitted from each fragment,

their direction tends to be anti-correlated due to the relative motion of the emitting

fragments, resulting in a peak at θ12 = 180. The overall result is a stronger backward

correlation because emission of one neutron from each fragment is most likely.

The backward correlation is strongest when the overall neutron multiplicity is

low, especially for 240Pu(sf) whereas large multiplicities, reduce the angular correla-

tion. The correlation is already weaker for 239Pu(nth,f) with En = 0.5 MeV because

the average neutron multiplicity increases from ν ≈ 2.15 for 240Pu(sf) to 2.88 for
239Pu(nth,f). For En = 14 MeV, ν ≈ 5 and the forward-backward correlation has

nearly vanished, resulting in a more isotropic emission pattern.
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11.4 New experiments

Experimental fission research is currently experiencing rapid developments in both

capabilities and scope and we give here just a few highlights.

11.4.1 New fission modes

Low-energy fission is significantly influenced by nuclear structure effects and there-

fore offers opportunities for gaining new insights into basic nuclear physics. How-

ever, until recently, such low-energy fission studies were limited to nuclei from

around thorium to fermium using spontaneous fission, fission induced by thermal

neutrons, or β-delayed fission. As we have shown, asymmetric fission dominates

over symmetric fission for most isotopes of these elements due to the strong shell

effect of the doubly magic nucleus 132Sn. About a decade ago, a new technique de-

veloped at GSI [127], Coulomb-excited fission of radioactive beams, made it possible

to study low-energy fission in other regions of the nuclear chart. A seminal experi-

ment [127] measured the fragment mass yields from seventy short-lived radioactive

nuclei, most of them not formerly accessible, revealing that asymmetry gives way

to symmetry for the lighter isotopes of elements below uranium, consistent with

earlier studies of stable nuclei [128].

Another way to study low-energy fission in radioactive nuclei is through β-

delayed fission (see Ref. [129]), pioneered at Dubna in 1966 [130]. Because the

fissioning nucleus results from β decay, its excitation energy is upwards bounded

by the associated Q-value. Therefore, given that only final states above the fis-

sion barrier may fission, the possible fission events arise from a relatively narrowly

defined region of excitation, an advantage relative to electromagnetically induced

fission where the excitation has a large spread. Using this technique at ISOLDE

(CERN), Andreyev et al. [131] studied 180Tl(βdf) and obtained the mass-energy

distribution of fission fragments from 180Hg, shown in Fig. 11.26 (left). The mass

yield is asymmetric, in contrast to widely held expectations based on simple Q-value

considerations, because a symmetric split would yield 90Zr which, with N = 50 and

Z = 40, has a negative shell energy, in contrast to the ground states of asymmetric

partners. However, this unexpected result can readily be understood by inspecting

the potential-energy surface [132], shown in Fig. 11.26 (right): Although energet-

ically favorable, a symmetric split is made inaccessible by a potential ridge that

causes the shape to develop a sizable asymmetry before scission occurs. This was

subsequently confirmed by transport calculations on the same surface [133].

This unexpected discovery has opened up a new region for fission study. Indeed,

survey calculations suggest the existence of additional interesting cases in the region

of neutron-deficient isotopes of elements below lead [134]. As a result, preparations

are underway at JAEA to search for further new asymmetric fission modes for

elements between tungsten and gold [135].
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Fig. 11.26 Fission of 180Hg: Left: The fragment mass-energy distribution reported in Ref. [131].
Right: The potential-energy surface in two dimensions (elongation and asymmetry) resulting from
a five-dimensional analysis. Also shown are the shapes for the ground state, the saddle point, the
disappearance of the asymmetric valley, and the most likely split. Adapted from Ref. [131].

11.4.2 New data for applications

Information on multiplicity and spectra of prompt fission neutrons is crucial for

understanding neutron transport in nuclear reactors. In addition, prompt photon

emission can contribute up to ten percent of the total energy production in the core

of a nuclear reactor, generating substantial heat close to the core. Because most

of the rather sparse experimental data are taken only with thermal neutrons and

on the major isotopes, 235U(n,f) and 239Pu(n,f), precise nuclear data are needed

to model reactor systems that involve ‘fast’ neutrons, En ≈ 1 − 2 MeV, and other

fissionable isotopes for which data are rarely available. To fill these gaps, both

improved modeling, such as by the Monte Carlo methods discussed above, and

new experimental efforts are important. The International Atomic Energy Agency

(IAEA) has initiated a Coordinated Research Project on Prompt Fission Neutron

Spectra of Actinides [118] and the Nuclear Energy Agency of the Organization for

Economic Co-operation and Development (OECD) has made a high priority request

for new measurements of prompt fission photon measurements [119]. Other efforts

are underway that address fission fragment and fission neutron measurements. We

briefly describe below a few of the planned measurements.

11.4.2.1 Fission fragments

Many nuclear fission applications rely on nuclear data library compilations of fis-

sion cross sections and particle kinematics that are based on a combination of ex-

perimental results and modeling. Uncertainties in these libraries propagate into

the applications. To improve the libraries, in particular by reducing the current

level of uncertainties, requires high precision measurements, especially correlating

emitted particles such as neutrons and photons with fission fragments at neutron
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energies beyond thermal. A new method for measuring fission fragments based on

high-energy physics technology, the fission TPC, is being employed for a new set

of measurements. A TPC (time-projection chamber) provides a complete, three-

dimensional picture of the ionization deposited in a gas (or liquid) volume with a

fast, all-electronic read-out. Because a TPC can localize charged particles within a

volume, it is extremely useful for identifying particles, in this case fission fragments,

through their ionization energy loss.

The fission TPC will first perform fission measurements relative to elastic

scattering of neutrons on a hydrogen gas, the gas ultimately planned for fill-

ing the chamber. The 235U(n,f) cross section, used as a normalization standard

for many measurements, will be determined with a planned uncertainty of less

than one percent. The TPC collaboration will first measure the cross section

ratios 239Pu(n,f)/235U(n,f) and 238U(n,f)/235U(n,f) as well as the baseline ratio
235U(n,f)/p(n, n)p which will provide the best single measurement of 235U(n, f)

and also allow the conversion of other ratios of fission cross sections relative to 235U

to absolute measurements [120]. After the initial ratio measurements, the fission

fragment distributions, such as TKE(AH), will be measured for other fissionable

nuclei.

11.4.2.2 Neutron spectra

The experimental database of fission neutron spectra is very incomplete and

most recent libraries are based on the Los Alamos model which uses an average

(multiplicity-independent) spectrum. To test the validity of these models and to

provide improved data for applications, the Chi-Nu detector [121] is being built to

measure the fission neutron spectrum as a function of the incident neutron energy

using the spallation neutron source at the Los Alamos Neutron Science Center.

The energies of both the incident neutrons, from the spallation source, and those

emitted during the fission event are measured. The clock for each event is started

by detecting the fission fragment in a low-mass, gas-filled, multi-foil fission cham-

ber [122]. Two neutron detector arrays have been developed; one based on liquid

organic scintillators for neutrons with kinetic energies from 600 keV to greater than

10 MeV and the other based on 6Li glass scintillators for neutrons with kinetic

energies from 50 keV to ∼ 1 MeV. The overlapping energy coverage allows good

measurements in the low energy region which is of special interest for applications.

The Institute for Reference Materials and Measurements (IRMM) at Geel, Bel-

gium, is building a neutron detector array based on liquid and crystal scintillator

detectors. The crystals, in particular, have a lower neutron detection threshold

combined with high detection efficiency [123]. Measurements will be made, in con-

cert with a time-of-flight spectrometer, for low energy neutrons on 235U(n,f) and
239Pu(n,f).
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11.4.2.3 Fission yields

As we discussed in Sect. 11.1.2, the measured fission product yields Y (A) may

depend on the initial energy. In nuclear test data, certain products with high

yields, such as 147Nd, are utilized to determine the explosive yield. Because such

data include a range of energies, it is important to study the dependence of Y (A) on

En. In addition, such studies provide quality data for testing theoretical calculations

of fission yields, such as those discussed in Sect. 11.3.1.

Because previous extractions of fission yields by different groups remain a point

of contention, a new set of precision measurements is required to resolve these long-

standing differences and determine the correct fission product yields for analysis of

nuclear test data. A new experiment at the Triangle Universities Nuclear Labo-

ratory (TUNL) will undertake a complete, high-precision, self-consistent study of

the dependence of Y (A) on incident neutron energy. The required precision is ob-

tained by employing relative measurement techniques, making yield ratios in which

a number of less well determined quantities, such as the number of incident neu-

trons, cancel, reducing systematic uncertainties.

At TUNL, deuterons from the Tandem Van de Graaff are used to produce quasi-

monoenergetic neutron beams via reactions such as d + d → n + t, with neutron

energies En up to 16 MeV. In the experiments, the resulting collimated neutron

beam, with a flux of 107/cm2, is directed on a thin (several hundred µm) actinide

sample, such as 235U, 238U, or 239Pu, placed within a double-sided fission pro-

portional chamber furnished with very thin fission foils. The sample is typically

irradiated for 24 hours. When the sample is removed, photons emitted from the

irradiated assembly are counted offline with a precision photon spectrometer. The

discrete energies of these photons are used to identify the emitting fission product

nucleus. A new actinide sample is introduced into the proportional chamber and

the cycle is repeated with a new value of En until the energy scan for the given

actinide is complete. Because the proportional counter and fission foils are un-

changed, the photon yields at a given En can be normalized to the incident neutron

flux obtained by the fission counter. The geometry of the counter cancels in the

yield ratio, allowing the precision measurements necessary.

11.4.2.4 Photon measurements

The IRMM has also investigated novel scintillator systems, such as lanthanum (III)

bromide, lanthanum (III) chloride, and cerium (III) bromide, to measure fission

photons. These inorganic scintillators combine a high light yield with the best

available energy resolution. The timing resolution should be up to an order of

magnitude better than sodium-iodide technology. These systems promise to improve

our understanding of prompt photon emission in fission [124–126] which is overdue.

The IRMM measurements will focus on correlating photon energy and multiplicity

with fission fragment mass and total kinetic energy, as in Figs. 11.14 and 11.15.
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11.5 Concluding remarks

Fission has a long and complex history. What started out as an interesting quest

for basic science in a few laboratories in the early days of quantum mechanics and

nuclear physics remarkably quickly became focused on practical applications.

The simple fact that a large nucleus splits apart after neutron absorption, re-

leasing a large amount of energy while also emitting several neutrons, makes an

energy producing chain reaction possible. When controlled, such a fission chain

reaction can be harnessed to produce energy and may thus be of significant benefit

to society. Furthermore, and very importantly, a run-away fission chain reaction,

when carefully orchestrated, may released unprecedented amounts of energy in a

very short time, offering obvious military applications.

The focus on certain isotopes of key importance for explosives has, however,

tended to concentrate much of the research on certain narrow areas, allowing other

aspects of the field to languish. But new applications of fission phenomena, such

as detection of fissionable material, accelerator-driven systems, new electro-nuclear

power cycles, and the new exotic beam facilities, have stimulated renewed scientific

interest. These developments have also brought attention to the dearth of data and

it can be expected that new experiments, utilizing modern techniques, may soon be

able to fill some of these gaps.

Nuclear fission is a non-equilibrium process in a mesoscopic system and thus it

involves many subjects at the modern frontier. We have shown that, far from being a

well understood phenomenon, fission physics is still an active area of research where

important new work still waits to be done. While new approximation techniques

have made it possible to determine the fission yields rather accurately on the basis

of the calculated potential energy surface of the nucleus as it approaches scission,

the improved availability of large-scale computer resources have made microscopic

quantum-mechanical treatments of fission more tractable, although additional for-

mal developments are still needed. On the phenomenological side, which we have

particularly illuminated here, modern Monte Carlo treatments that provide large

samples of complete fission events are making it possible, for the first time, to ad-

dress arbitrary combinations of observables simultaneously, thus making it possible

to gain improved physical insight from the experimental data.
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[134] P. Möller and J. Randrup, in preparation (2012).
[135] K. Nishio et al., private communication (2012).


